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ABSTRACT 
A fluorimeter was constructed which utilises solid state components. The novel 
arrangement of these components meant that an inexpensive, sensitive, robust 
and portable fluorimeter was feasible. 
If the optical components ofthe instrument were selected for a specific assay, a 
dedicated fluorimeter with comparable sensitivity to a research grade fluorimeter 
resulted. The construction and evaluation of such a fluorimeter is described. 
Nile Red is a hydrophobic phenoxazine fluorescent dye, which has an emission 
in the long wavelength region of the spectrum (600 - 1000 nm). 
Assays based on fluorescence measurements in this spectral region have the 
advantage oflower background, reduced scattering and decreased 
photodecompostion when compared with conventional fluorescence utilising 
UVNis wavelengths. 
Nile Red is also a solvatochromic dye, which means it emission wavelength is 
strongly dependant on its molecular environment. 
The property is utilised here in the development of a novel assay for the protein 
~-lactoglobulin. As the fluorescence properties of the Nile Red:Protein complex 
differ form those ofthe unbound Nile Red molecule, the fluorescence intensity 
can be related to concentration of the protein present. The feasibility and 
development of such an assay is presented as one possible application for the 
fluorimeter described 
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Chapter One 
1.1. Aims ofthe Project 
The work was intended to achieve the following: 
a) Develop a fluorimeter, which utilises the solid-state components that are 
available for use in the longer wavelength region of the spectrum. This 
instrument will be compact, robust, potentially portable, sensitive and 
inexpensive. 
b) The performance of this instrument will be evaluated using dyes which 
emit in the longer wavelength region of the spectrum, and its performance 
will be compared to that of a factory-constructed spectrofluorimeter. 
c) A flow cell will be designed and incorporated into the instrument. The 
performance of the fluorimeter when detecting a long wavelength 
fluorophore in a flowing stream will be evaluated. 
d) The potential for using the solvatochromic properties of a longer wavelength 
fluorophore as the basis for a novel protein assay will be studied. 
e) This assay will be a novel use of the fact that the fluorescent properties of 
the fluorophore change when it forms a complex with the protein. 
10 
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f) The instrument constructed will be used to monitor the change in fluorescent 
properties ofthe fluorophore and so prove the feasibility of using this novel 
instrument as a detection system in this model assay. 
g) The assay will be developed in a flowing stream to ensure reproducibility 
and increase ease of sample handling. 
1.2. Fluorescence. 
Luminescence phenomena may be classified generally as fluorescence, 
phosphorescence, chemiluminescence, triboluminenscence and 
electroluminescence. The term luminescence indicates the emission of light 
or radiant energy accompanied by little or no heat and hence is often called 
'cold light'. The luminescence in most cases represents the energy emitted 
when a substance is returned from an excited state to its normal lower 
energy state. In the case of fluorescence and phosphorescence the substance 
is raised to a higher energy state usually by the absorption ofultraviolet 
light. If the emission of energy ceases around 10-Bsec after the excitation 
source has been removed the phenomenon is called fluorescence, and if it 
persists for a longer time then this is called phosphorescence. 
Chemiluminescence is essentially fluorescence except that the excitation 
energy is produced by a chemical reaction. If that reaction occurs in a living 
system, the luminescence is referred to as bio lumenscence. 
Triboluminescence ( Greek- tribo, to rub) is produced as a release of energy 
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when certain crystals, such as uranyl nitrate are broken. 
Electroluminescence is a term applied to fluorescence or phosphorescence 
produced by the direct application of an electric current to a substance. 
1.2.1 Theory of Fluorescence 
Emission and absorption spectroscopy have been used for many years in analysis, 
whilst fluorescence spectroscopy is recent in comparison. Absorption and 
fluorescence are closely related since the absorption of light preceeds fluorescent 
emission. The absorption of energy occurs in discreet units or quanta equivalent to 
the energy difference between the ground state of the molecule and the upper 
electronic state. 
This and any potential outcome can be best described with the aid of the energy 
diagram Fig 1.1 
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Fig 1.1 Schematic representation of the energy transitions possible when a 
molecule capable of fluorescence absorbs energy (S-singlet, T-triplet) 
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In order to produce fluorescence a molecule must absorb energy from some 
source such as radiant energy and be raised to an excited state in which the 
electronic pair remain in their singlet state, i.e. they retain opposite spin. In most 
cases absorption of energy will result in the first excited singlet state (SI)' if the 
highly excited singlet states (S2, S3, ... ) are reached these rapidly (10-12 sec) lose 
energy by passing on vibrational energy to other molecules in a process known as 
internal conversion. When the molecule drops from the SI state back to its normal 
ground state, much of the absorbed energy is emitted as fluorescence at longer 
wavelength (and hence less energy) than the absorbed energy. (This is the 
Stokes' shift phenomenon, see later). Apart from fluorescence the molecule in its 
excited singlet state can lose energy in other ways. A non-radiation transition 
may occur where energy is given up by collision with other molecules, usually 
those of the solvent. Alternatively, intersystern crossing may occur where some 
energy is lost in spin inversion to give the triplet state, i.e. the electron pair have 
their spins parallel. Decay from the triplet state to the ground state results in 
phosphorescence, which is long lived, compared to fluorescence and generally of 
a longer wavelength. 
The amount oflight absorbed is given by the Lambert-Beer Law (I). 
A=abc 
Where: 
A = absorbance 
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If the Lambert-Beer law is formulated using molarity to express concentration 
then: 
Where: 
E = molecular absorptivity, which like 'a' is characteristic ofa chemical species 
at a given wavelength (Lmor' cm -, ). 
Having absorbed energy and reached one of the higher vibrational levels of the 
excited state, the molecule quickly loses this excess energy by collision and falls 
to the lowest vibrationalleve! of the excited state. 
The non-radiation process oflosing energy by collision is known as internal 
conversion and is also how molecules in a higher excited state drop to a lower 
one. They pass from the lowest vibrational level of a lower excited state which 
has the same energy. From here the process is repeated until the lowest 
vibrational level ofS, is reached. It is only from this level that the non-radiation 
process (internal conversion, photodecomposition, quenching) affect the number 
of excited molecules returning to the ground state which fluoresce. This 
efficiency is known as the Quantum Efficiency (2) 
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QE = number ofqUllnta emitted 
number of quanta absorbed 
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The theoretical range for quantum efficiency is from zero to one, but in practice it 
ranges from about 0.01 to 0.9. 
The Stokes' shift of a molecule is the difference in wavelength between its 
excitation and emission maxima. As energy is lost upon excitation before 
fluorescence occurs the emission wavelength will be of lower energy, hence 
longer wavelength compared to the excitation. This is supported by the fact that 
an even larger Stokes' shift is associated with phosphorescence where even 
greater energy is lost. However the Stokes' shift for a molecule can effectively be 
changed when necesssary as a molecule can be excited away from its maxima. 
This is possible because fluorescence always occurs from the lowest vibrational 
level of SI to So. Thus, the shape and maxima ofthe emission spectrum will be 
independent of the excitation wavelength, only the fluorescence intensity of the 
emission spectra will be affected. 
A plot of emission intensity against wavelength for any given excitation 
wavelength is known as an emission spectrum. If the wavelength of the exciting 
light is changed and the emission intensity from the sample is plotted against the 
16 
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wavelength of the exciting light the result is an excitation spectrum In addition, 
if the intensity of the exciting light is kept constant as its wavelength is changed, 
the plot of emission against excitation wavelength is the corrected excitation 
spectrum As the quantum efficiency of most molecules is independent of the 
excitation wavelength, the emission will be directly related to the molecular 
extinction coefficient of the molecule i.e. the corrected excitation spectrum 
should be the same as the absorption spectrum This is seldom the case, the 
difference being due to instrumental artefacts. 
1.2.2 Relationship Between Fluorescence and Concentration. 
The basic equation defining the relationship of fluorescence to concentration is 
again adapted from the Lambert-Beer Law (3) and is: 
Where: 
F - Fluorescence 
QE - quantum efficiency 
10 - incident radiant power 
e - mo lar absorptivity 
b - path length 
F = QE x 10 (1 -{!"€bC) 
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c - molar concentration 
This basic equation indicates that there are three major factors other than 
concentartion that affect the fluorescence intensity. 
1. QE, as would be expected, the greater the QE the greater the fluorescence. 
2. Io, theoretically the greater the intensity of the incident radiation, the greater 
the fluorescence. In practice, a very intense source can cause 
photodecomposition. 
3. E, for a molecule to fluoresce, it must fIrst absorb radiation. Hence, the 
higher the value of E, the more intense the fluorescence. 
For very dilute solutions where A<O.05 absorbance units, the above equation 
reduces to: 
F = kQE10 Ebe 
Where: 
k = an instrumental factor, it is a proportionality constant due to the fact that 
although fluorescence is emitted in all directions, only that of a limited aperture is 
measured. 
Since all the terms on the right hand side, exept 'c' are kept constant under 
analytical conditions, the instrumental fluorescence is a function of the 
concentration of the compound under examination. A plot of F versus c would 
give a straight line plot analogous to Lambert-Beer plot. However, at high 
18 
Chapter One 
concentrations quenching may become so great the curve may slope away. This 
is explained by the inner filter effect which is described later. 
1.2.3 Advantages of Fluorescence. 
Fluorescence is a very important analytical tool because ofits extreme sensitivity 
and its good specificity. On average the sensitivity of fluorescence is one 
thousand times greater than any other spectrophotometric technique. The main 
reason for this is that in fluorescence the emitted radiation is measured directly 
and can be changed by altering the intensity of the incident radiation. So, an 
increase in signal over a zero background is measured in fluorescence. In other 
spectrophotometric methods, e.g. absorbance, the measured quantity is measured 
indirectly as the difference between the incident and transmitted beam. Therefore, 
a small decrease in intensity of a very large signal is measured with a 
corresponding large loss in sensitivity. 
The specificity of fluorescence is due to two main factors. The first being that 
there are fewer fluorescent compounds than absorbing ones. This is because all 
fluorescent compounds must absorb radiation, but not all the compounds that 
absorb fluoresce. In consequence there are much fewer interferences when a 
fluorescence rather than an absorption method is employed. Secondly, there are 
two wavelengths in fluorescence to characterise the sample, unlike 
spectrophotometry where there is only one. For example, two compounds that 
absorb radiation at the same wavelength will probably not emit at the same 
19 
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wavelength and so the compounds will have a different Stokes' Shift. Other 
factors that increase selectivity are the lifetime and polarisation of fluorescence 
which help in the discrimination of compounds. 
Fluorescence is also generally much more sensitive to the environment of the 
molecule that is absorbing and emitting photons than is light absorption. This is a 
consequence of the relatively long time the molecule stays in the excited state 
before de-excitation. Aborption is a process that is over in 10-15 seconds and the 
solvent is the only thing really close enough to affect it. In contrast, during the 
10-9 to 10-7 seconds that a singlet remains excited, many physical and chemical 
processess can occur e.g. protonation, solvent reorientation and changes in 
optical rotation. These processes can even involve other molecules which are 
over IOnm away from the fluorophore at the moment of excitation. It is therefore 
possible for fluorescence to provide dynamic infonnation on its environment 
within nanoseconds. 
Another quite unique feature of fluorescence is the ability of other chromophores 
relatively far away from an excited singlet to cause quenching. In a favourable 
case this permits distances between chromophores up to a range of 8nm to be 
measured (4). The process is known as singlet-singlet resonance energy transfer. 
Even when the two chromophores are far apart an interaction exists between 
them called a very weak coupling limit. By the process of energy transfer 
resonance the excited chromophore (donor) transfers its energy to another 
chromophore (acceptor). The donor becomes quenched and the acceptor excited 
and consequently it can fluoresce. This process from the viewpoint of the 
acceptor is known as sensitized emission. A requirement for the resonance 
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interaction producing energy transfer is that acceptor absorption must overlap the 
donor fluorescence. Therefore in any system capable of energy transfer an 
additional process may occur in which the donor emits a photon that is then 
reabsorbed by the acceptor. This is distinguished from the true singlet-singlet 
energy transfer, because it leaves the rate of donor emission unchanged and it can 
be removed by dilution. 
So, in general those materials that possess native fluorescence, those that can be 
coverted to fluorescent compounds and those that quench fluorescence can all be 
determined quantitatively by the use of fluorimetry. 
1.2.4 Effect of Molecular Environment 
Environmental factors can seriously affect the fluorescence characteristics of 
molecules. The effect solvent polarity can have on some molecules are discussed 
in Chapter 4. 
The fluorescence intensity of some ionisable molecules, where the quantum yield 
of the dissociated and undissociated states are different is highly dependent on 
pH. For example, the anilinium ion (C6HsNH3"') fluoresces very weakly, while 
aniline is strongly fluorescent. The emission wavelength may also change due to 
the degree of ionisation of the molecule and hence the pH. For these reasons 
accurate pH control is essential and recommended buffers should never be 
changed without prior investigation. 
21 
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A decrease in temperature usually produces an increase in fluorescence intensity 
(5) because there will be a decrease in collision rate between the excited state 
molecule and surrounding solvent molecules i.e., the radiationless, deactivation 
processes will decrease. Normally ambient temperature measurements of samples 
are satisfactory, providing time is allowed for any heated or cooled samples to 
reach ambient temperature. However, a thermostatically controlled cell is 
necessary for elevated temperatures. 
The viscosity of a sample also influences fluorescence. A higher viscosity 
reduces the number of collisions an excited molecule undergoes and the net effect 
is an increase in intensity. It is therefore possible to increase the fluorescence of 
some molecules with the use of viscous solvents like glycerol or gelatin. 
1.2.5 Quenching 
Quenching is the reduction of fluorescence by a competing deactivating process 
caused by an interaction between a fluorescent molecule and another molecule 
which is present. This is a common effect in fluorescent studies. There are four 
common types of quenching found in fluorescence, these are temperature, 
oxygen, concentration and impurity. The effects of temperature have been 
discussed previously. 
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The most notorious quencher of fluorescence is probably molecular oxygen. In 
liquid solutions quenching of excited singlet states of organic molecules by 
dissolved oxygen molecules, which have a very large diffusion coefficient, is a 
serious problem. The effect of oxygen varies between molecules but it is believed 
that the collision of the excited state singlet with the oxygen molecule which is a 
ground state triplet, enhances singlet-triplet interconversion (intersystem 
crossing) and thus quenching of the fluorescence. 
As has been already discussed previously, fluorescence only obeys a linear 
relationship with concentration at dilute sample concentrations. At higher 
concentrations, where the absorbance of the sample is greater than 0.05 Abs. 
Units, light is not evenly distributed along its path in the cell. Therefore, the part 
of the sample nearest the light source absorbs much of the radiation so less is 
available for the rest. As a consequence, considerable excitation occurs at the 
front of the sample but less throughout the rest of the cell. As the majority of 
fluorescence is emitted away from the slit exit to the detector, a smaller 
proportion of fluorescence is measured. This is called the inner filter effect. It can 
be reduced by working in the absorbance range stated, opening the slits widths or 
using a special reduced path length cell. 
Another important form of concentration quenching involves dimer or polymer 
formation called excimer quenching. In aqueous solution organic dyes and 
aromatic hydrocarbons form dimers and higher aggregates (6) due to their 
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hydrophobicity and so become insoluble in water. Excimers (excited state dimer) 
are formed from the association of the ground state and excited state of the same 
species. The excimer has a different electron orientation and a longer emission 
wavelength than the mono mer and so alters the fluorescence characteristics of the 
molecule. Exciplex quenching (excited state complex) is formed by the 
association of two different species, one excited and the other in its ground state, 
again emission occurs at longer wavelengths. 
The specific cause of the phenomenon of impurity quenching is often unclear. 
Although fluorescence is supposedly a specific and sensitive technique, when 
impurities are high in concentration, quenching results. This quenching occurs 
during the lifetime of the excited state singlet and is probably due to exciplex 
formation, electron transfer, energy transfer, charge transfer or the heavy atom 
effect. (7) . These interactions will cause various changes in the fluorescence of 
the molecules including changes in the fluorescence spectra, quantum yield, 
intensity, fluorescence polarisation and decay time. 
1.2.6 Photodecompostion Effects on Fluorescence. 
Fluorimeters use intense light sources to produce high sensitivity and in some 
cases this light may be intense enough to cause photodecomposition of the 
sample. The decomposition only occurs at the point where the excitation beam is 
focussed and its existence can be confirmed by blocking the incident radiation to 
prevent illumination of the sample. If the fluorescence intensity returns to its 
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original value, photodecomposition is probably taking place. This phenomenon is 
due to the diffusion of unaffected fresh molecules into the light path whilst the 
sample is unlit, with a subsequent renewal of fluoresence. Photodecomposition 
may be reduced by selecting a longer excitation wavelength (lower energy) or by 
reducing the source intensity by the use of narrower slit widths or a neutral 
density filter. 
1.2.7 Light Scattering 
Light scattering phenomenon can seriously limit the sensitivity of a fluorescence 
assay. Light scattering causes a background signal and as one of the benefits of 
fluorescence is that it is supposedly measured over a zero background, the 
method can lose its principle advantage over other techniques. 
Rayleigh-Tyndall Scattering 
For Rayleigh scattering to occur, the scattering molecules must have dimensions 
smaller than the wavelength of the incident radiation and be distributed in a 
medium of refractive index different to their own. Scattering occurs at the same 
wavelength as the incident radiation and in all directions with a symmetrical 
intensity distribution. The intensity of the scattering varies with the inverse fourth 
power of the wavelength of the incident radiation and so becomes increasingly 
significant at shorter wavelengths. 
25 
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Light scattering may also occur from particles in a colloidal suspension (i.e. the 
particles have dimensions greater than a tenth and less than I y, times the 
wavelength of the incident radiation). This is called Tyndall scattering and in 
contrast to Rayleigh scattering, it occurs predominantly in the forward direction. 
As fluorescence is mainly measured at right angles to the incident beam, Tyndall 
scattering is less influential than Rayleigh scattering. 
Generally, light scattering is, unlike fluorescence, non-specific and can occur in 
cuvettes, at optical surfaces, from dust particles and solvent and solute particles. 
Rayleigh-Tyndall scattering is especially a problem when the excitation and 
emission wavelengths are close together and the fluoresence intensity is low. The 
effect can be reduced by using narrower slit widths, appropriate filters or 
monochrornators in the fluorescence spectrometer. However the fact that 
Rayleigh scattering is largest when excitation wavelength of ca. 350nm is used 
can be is highly disadvantageous. Unfortunately this a wavelength region where 
many common fluorophores are excited, so the background effect can be serious 
despite all precautions. 
Raman Scattering 
Raman scattering is an effect related to Rayleigh scattering and occurs from pure 
solvents. Raman bands are displaced by a fixed frequency from the incident 
26 
Chapter One 
radiation and occurs when, during Rayleigh scattering some of the incident light 
is taken and converted into vibrational/rotational energy. The resulting energy 
scattered is therefore at lower energy and longer wavelength than the incident 
radiation. 
Raman scattering is a much weaker effect than the Rayleigh effect but can be just 
as damaging. It is therefore beneficial to run a solvent blank prior to analysis to 
check where the Raman peaks occur. 
When an excitation wavelength, for a sample in water, of ca. 350nm is used, the 
water Raman signal (often used as a test of the sensitivity of a fluorescence 
spectrometer) occurs at ca. 397.5nm where it can interfere with the genuine 
fluorescence signals. When proteins containing tyrosine are excited in aqueous 
solution at the amino acids absorption maxima of 278mn, the water Raman band 
occurs at 307mn, almost exactly the same as the tyrosine emission maxima. So 
despite their relatively low intensities, solvent bands can affect many 
fluorescence results. 
1.2.8 Long Wavelength Fluorescence. 
Fluorescence studies have historically involved measurements being made in the 
UV/visible region of the spectrum. The advantages associated with fluorescence 
measurements made at these conventional wavelengths have been discussed 
previously and have enabled this technique to be used in many methods of 
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analysis. A number of drawbacks, however are still associated with these 
techniques (also previously discussed). Due to these experimental drawbacks, 
some authors (8,9) have studied long wavelength fluorescence to help overcome 
some ofthese problems. 
Long wavelength fluorescence can arbitarly be defined as including all 
fluorophores which emit above 600nm and up to 1000nm. So the region of 
interest spans the long wavelength end of the visible spectrum and the very near 
infra red region. 
The principle advantage of working in this region is that scattering problems are 
greatly diminished at higher wavelengths. Thus the intensity of Rayleigh 
scattering using an excitation wavelength of 600nm is 10% of that at 340nm in 
comparable optical conditions. Excitation at 800nm reduces the background 
scattering by a further factor of three. The effects of Raman Scattering are also 
greatly diminished. Excitation of an aqueous sample at 600nm would produce a 
water Raman band at ca. 754nm of much lower intensity than a lower wavelength 
excitation. The Stokes' shift equivalent here of 154nm is much larger than most 
Stokes' shifts associated with fluorescent molecules. This effect increases with 
wavelength, for example, an excitation of830nm will produce a water Raman 
band at ca. 1150nm well beyond any capacity to interfere with any fluorescence 
excited at the same wavelength. 
Another major advantage of working in the 600-1000nm region is that there are 
fewer intense fluorophores. Theory predicts that quantum efficiency decreases, as 
the energy difference between the ground and excited state decreases. In practice 
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what seems to happen is that there is a relativly small number of bright 
fluorophores in the longer wavelength region and, compared with the UV/vis 
region, a much larger number of non fluorescent or poorly fluorescent molecules. 
This is advantageous because if there are a small number of fluorescent 
molecules in the wavelength region under examination, observations can be made 
against a very low background fluorescence, even when complex matrices are 
being studied. At lower wavelengths, if a biological matrix was being monitored, 
many proteins and drugs fluoresce in this region and so the background will be 
high. The combination of this reduced endogenous fluorescence with the reduced 
scattering effects means that, a blood sample for example, has a fluorescence 
background at ca. 700run an order of magnitude less than at ca. 500nm. This 
reduced background will allow an excellent limit of detection even for 
fluorophores with moderate molar absorptivities and quantum efficiencies. Also, 
as lower energy is involved at these higher wavelengths the problem of 
photodecomposition will be removed. 
Working in this longer wavelength region of the spectrum allows the use of 
inexpensive solid-state components. As well as reducing the expense of the 
fluorescence instrumentation, a more compact, robust, portable and often more 
sensitive fluorimeter can result from the employment of solid-state optical 
components. This phenomenon is discussed later. It is these benefits from 
working with solid-state components, allied to the advantages of working this 
spectral region which shapes the nature ofthis project. 
29 
Chapter One 
The main areas where the advantages of long wavelength fluorescence have been 
employed have been when ultra low levels of analyte are to be determined in 
biological matrices. 
To this end long wavelength fluorescence has been used as the detection system 
in liquid chromatography and capillary zone electophoresis. 
A semiconductor laser was used by Higashijima et al (10) to detect chlorophyll at 
sub picomolar levels after separation by capilliary zone electrophoresis (CZE). 
CZE was also used by Flanagan et al (11) to separate amino acids which were 
labelled with near-infrared dyes, a solid state laser being used for excitation and 
an avalanche diode as a detector. 
Four tricarbocyamine dyes were separated using CZE by Legendre et al (12). 
Semiconductor laser! avalanche photo diode optics were employed to detect sub 
femtomolar levers of dye over a dynamic range of four orders of magnitude. 
A diode-laser based indirect fluorescence detector was employed by Lehotay et al 
(13) to monitor mobile phase fluorescence in a HPLC system. The reduction of 
intensity induced in the fluorescence of the long wavelength dye IR-125 by n-
alkyl alcohols was used to achieve detection limits for the alcohols in the order of 
10.8 moles. 
Williams et al (14) used semiconductor laser induced fluorescence to evaluate 
labelling methods of human serum albumin after separation using HPLC. The 
dyes used as labels were infrared polymethine cyanine dyes. The same family of 
30 
Chapter One 
dyes were used by Nuijens et al (IS) to label aldehydes which were then 
separated by liquid chromatography and detected using a semiconductor laser 
based detection system. A detection limit for n-octylaldehyde of 7 x 10-8 M is 
claimed_ 
A review of diode laser induced fluorescence in HPLC is presented by 
Rahavendran et al (16) and long wavelength fluorescence induced by diode laser 
as a detection technique in HPLC and CZE are reviewed by Mank et al (17)_ 
Long wavelength dyes with excitation by diode laser has also been utilised as a 
detection system in immunoassay. 
Williams et al (18) measured picomolar levels of polymethine cyanine dyes with 
a view to labelling antibodies and measuring fluorescence in both solution and 
solid phase enviromnents. 
Williams et al (19) subsequently used cyanine fluorophore labels bound to goat 
anti-human antibody to detect human immunoglobulin concentrations of 10-10 M. 
Near infrared fluorescent immunoassays have had their use in enviromnental 
analysis reviewed by Siramy et al (20) 
The trend towards longer wavelength fluorescence where high sensitivity is 
demanded, despite a potentially high background interference if other techniques 
are employed, is clearly implied by the work in this field. 
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1.3. Fluorescence Instrumentation. 
The fluorimeter designed here must obviously have the ability to measure 
fluorescence with a sensitivity that makes it a viable instrument to carry out 
meaningful fluorimeteric assays. 
If this is the main criterion, then secondary criteria are: 
a) the ability to perform fluorescent measurements in the long wavelength 
(600- 1000 nm) region of the spectrum. 
b) all components must be of relatively low cost - a cost of £100 would be 
seen as too expensive. 
c) The fluorimeter must be robust and compact - it is seen as being, 
potentially at least, a portable unit which could be used outside of the 
laboratory environment. 
This would facilitate its use as a means of environmental field analysis or 
conceivably allows it to be taken on-site to hospitals etc. The components 
utilised are detailed with the reasoning behind the selection. 
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1.3.1 LEDs 
1.3.1.1.Introduction. 
The construction of a fluorimeter based on solid state optical components, is 
facilitated by the ever-increasing range of light emitting diodes (LEDs) 
available. The increasing range contains LEDs having peak emission at 
wavelengths covering the visible and near infrared regions of the spectrum and 
providing ever greater intensity. This ever increasing range allied to the stability 
oftheir output, low cost (less than SOp per unit), non requirement of 
sophisticated power supply (readily battery operated), long expected lifetimes 
(failure of operation at 2SoC is typically S x I 04 hours or approximately 6 years 
of continuous service) (21), intrinsically robust/compact nature and degrees of 
monochromicity which are acceptable for many applications makes the LED an 
attractive source for the instrument constructed here. 
1.3.1.2. LED theory 
In order to understand the process, which involves photons being produced by an 
LED, the P-N junction of a semiconductor material must be considered. At this 
junction a semiconducting material doped with an impurity, such as arsenic which 
has S valance electrons (producing N-type material), meets with semiconducting 
material doped with an impurity such as aluminium which has 3 valance electrons 
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(producing P-type material). the introduction of these impurities at low levels into 
a pure semiconductor material results in potential charge carriers occurring in the 
semiconductor, negative carriers in the N-type (electrons) material and positive 
carriers (holes of "no-electron" emplacement) in the P-type material. 
When an external voltage is applied to the junction such that the N-side is made 
negative with respect to the P-side (a forward bias), electrons are injected into the 
P-side, and holes into the N-side. 
Once on the other side of the junction, the injected charge carriers are short lived 
and short travelled as they quickly recombine with carriers of opposite polarity. 
This recombination of the carriers can be radiative, i.e. when an injected electron 
flIls a hole (or an injected hole captures an electron), a photon is emitted. This 
event represents the conversion of individual electron energy into the energy of 
an individual photon, many of which result in the radiated light flux that is the 
LED emission. 
The light-emitting wafer in which this mechanism takes place is usually 
produced by encapsulation in plastic along with a heat sinking header and 
two electrical connections to form the familiar LED. 
In use, an LED must be wired in series with a current limiting resistance 
whose value, R. can be calculated from: 
R 
I 
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R 
i 
VD 
1 LED 
OV 
Fig 1.2 Diagram showing LED operating circuit. 
Vs = Power supply voltage 
Vd = Diode operating vo ltage. 
I = Desired diode current. 
Diagramatically these terms can be represented as in Fig 1.2 
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Table 1.1 shows examples of the LEDs avaliable in the visable and infared region 
of the spectrum. For each type it shows the peak emission wavelengths viewing 
angle, the intensity (parameters defined in chapter 2) and the manufacturer. 
Manufacturer 1 (nm) Viewing angle e) Intensity (mcd) 
Siemens 430 30 80 
Siemens 470 15 1000 
Toshiba 562 8 700 
H.P. 568 15 300 
H.P. 583 15 300 
Toshiba 590 8 8000 
Toshiba 612 8 7000 
Toshiba 623 8 8000 
Toshiba 636 6 1800 
Toshiba 644 8 6000 
H.P. 654 25 1000 
H.P. 660 4 4700 
R.S. 850 12 -
R.S. 880 22 
-
R.S. 940 40 -
Table 1.1 Illustration of the LEDs avaliable and their spectral properties. 
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The data in table 1.1 shows peak wavelength. The bandwidths at half height are in 
the range 20-90 run, i.e. much of the visible and near-infrared region is covered. 
1.3.1.3. LEDs as Light Sources for Spectroscopy. 
With reliable LEDs becoming commercially available in the 1970's, came access 
to a light source which was inexpensive, compact, robust and long lived. Their 
relatively intense emission, which can have bandwidths comparable to 
absorbance or interference filters, led to their use in photometric applications. 
Arfath et al.(22) showed that LEDs can produce five times the intensity than that 
of a tungsten lamp/monochromator system on setting the monochromator to the 
peak emission intensity ofthe LED. They also described a photometric inversion 
probe based on an LED source and photodiode detection, which was used to 
determine the total alkalinity of seawater. 
Flashka et.a! (23) suggested the advantages that could result from using 
simple optoelectronic devices in photometry, and went on to describe an 
instrument based on an LED source with phototransistor detection which 
was subsequently used to construct a calibration curve for copper nitrate 
solution based absorbance. 
The first use of solid state optical components to monitor a flowing 
stream was by Betteridge et a!.(21) who claimed Ilg rl detection limits 
37 
Chapter One 
for Co by using a flow injection analysis system, central to which was a 
flow cell which housed both LED and phototransistor. Betteridge showed 
that such an FIA system could be used for many metal ions, quoting Cu, 
Co, Fe, Pb, Ni and Zn in ppm range. 
Hooley and Dessey (24) used a flow cell design which incorporated a 
reference photodiode as a means of feedback control as a kinetic detector, 
monitoring permanganate concentration in an HA system. 
Schmidt and Scott (25) devised an ion chromatograph which after separation 
employed detection via a flow cell housing both an LED and photodiode. Limits 
of detection of between 5 and 300 f..lg r1 for the metal ions Cll, Pb, Zn, N~ Co, 
Cd, Fe and Al were obtained. 
Wolfbeis (26) used advances in opto-elecronic and fibre optic 
technology which led to the development of a chemical sensor technique, and 
indicated that the availability of intense LEDs and sensitive photodiodes 
would see these components feature in optical sensing methods. 
A means of monitoring sulphide and silicate at ocean depths of2500m was 
described by Johnson et al (27). Here a submersible unit based on FIA with a 
photodiode detector system utilising two different buffered coloured LEDs was 
employed to determine sulfates and silicates in deep sea conditions. 
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Worsfold et al (28) described the use of a double beam photometric detector 
incorporating LEDs and photodiodes to determine phosphate/phosphorous in 
natural waters by means of a flow injection based system 
Clinch et al .(29) described an automated spectrometric field monitor employing 
an FIA system in which absorbance was monitored by a solid state photometric 
detector furnished with an LED. This arrangement was used to determine nitrate 
concentrations in river water. 
The possible design for LED based flow through photodetectors are reviewed 
by Trojanowiez et al . (30) 
Hauser et al (31) describes how small LED based detectors can be used in 
conjunction with ion selective electrodes to produce a flow injection 
manifold capable of simultaneous determination of several ions in a single 
system. The system was applied to the detennination ofK+, Ca2+, NHi, N03-
and pol- ions in plant nutrient solutions. 
Trojanowiez et al. (32) showed that AI and Zn could be determined 
simultaneously by an FIA detector containing different coloured LEDs, which 
could be rapidly switched using microcomputer control. 
Freeman et al. (32) reported sub Jlg 1"1 detection limits for the determination of 
phosphorous in natural waters using a flow injection system incorporating a 
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preconcentration anion-exchange column and a photometric detection system 
based on an LED and a photodiode. 
Huang et a1 (33) described an FIA photometric detector which contains a dual 
wavelength LED (an LED which can produce alternative light beams with 
different wavelengths) and have used the manifold for the determination of Co. 
More recently Hauser et al. (34) tested an LED based photometric detector for 
its suitability in determining Cr, Mn, Zn, Fe and Cl. 
The use ofLEDs as light sources in the measurement of molecular fluorescence 
is a more recent phenomenon than their use in photometry. 
Opitz et al. (35) determined carbon dioxide partial pressure with an optical 
sensor based on a blue LED. The LED was used to illuminate a fluorescence 
indicator gel (hydroxypyrenetrisulfonic acid). Variations in the fluorescence 
emission of this indicator were induced by the CO2 analyte, and monitored by 
the photo diode. 
Wolfbeis et. al. (36) designed an oxygen sensor based on a blue LED and the 
oxidation of an oxygen sensitive fluorescent dye in a polymeric system. 
Further use of a blue LED by Wolfbeis et. al.(36) saw the construction of an 
optical fibre based acid-base titration which could monitor changes in 
fluorescence of an indicator, thus monitoring the course of the titration. 
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The fIrst use of an LED a light source employed in the geometry associated with 
that of a conventional fluorimeter was reported by Smith et.a!. (37). Here a 
sample contained in a cuvette had fluorescence induced by a green LED, with 
the intensity of any fluorescence emission being measured at 90° to the source 
by a photo diode. This arrangement gave a sub Jlg rl detection limit for a 
fluorescent dye (oxazine 750), Wickliff et al. (38), used a red LED in an 
instrument to measure in vivo chlorophyll fluorescence. The LED's emission 
was incident to the leaf surface, the resultant fluorescence being monitored at 
60° to the leaf surface by a photo diode. 
A blue LED was used by Hauser et al. (39) in a sensor based on a fIbre optic 
cable. The use oftwo different sensing membranes allowed this system to be 
used for both nitrate and oxygen determination. Blue LEDs are the most 
commonly used in recent advances in LED induced fluorescence analysis, being 
used by McEvoy et.al. (40) in an oxygen sensor, a technique which was 
subsequently improved (41) . This technique was based on fluorescence 
quenching of an oxygen sensitive dye. Randers-Eichhom et al (42) again used a 
blue LED for monitoring a fluorescent protein in E. Coli. fermentation. 
Alexander et al (43) utilised a superluminescent (bright blue) LED to construct 
a compact fluorimeter. This LED was based on gallium nitride. 
Superlurninescent LEDs were claimed to be suitable for general fluorescent 
analysis of a variety of compounds. The same authors (44) used this instrument 
to simultaneously determine chlorophylls a and b with sub nanogram detection 
limits. 
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1.3.2. Photodiodes. 
Photo diodes in their simplest form are inexpensive, compact and robust. They 
do not require a sophisticated power source and produce a stable output which 
can facilitate high sensitivity in the instrument constructed. Photodiodes 
spectral response makes them ideal for use in the longer wavelength region. 
A photodiode is essentially a P- junction (see LEDs) operating either in a non-
biased or reverse biased mode. 
If a conventional silicon diode is connected in the reverse biased circuit of fig 
1.3, negligible current will flow through the diode and zero voltage will develop 
across R. 
Ifthe diode casing is then removed so that the P-N junction is exposed to 
visible light, the diode current (ID) will rise, producing a significant output 
across R. This diode current, (and therefore the output voltage) is directly 
proportional to the intensity of the light falling on the junction. 
As all P-N junctions are photosensitive, a photodiode can be regarded as a 
conventional diode housed in a case, which lets extemallight reach its 
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ID = Diode current 
V OUT = Output 
Voltage 
R = Resistance 
D = Diode 
OV 
Schematic diagram of a conventional silicon photodiode circuit. 
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photosensitive semiconductor junction. The reason the P-N junction behaves in 
this manner is that an incident photon can "free" a valance band electron and 
thus generate an electronlhole pair. This process is complementary to the photo 
emission process described for LEDs. If the photodiode is operated with no 
external voltage applied, an externally measurable potential will appear between 
the P and N regions. This is known as the photovoltaic mode of operation. 
Alternatively the photodiode may be operated under reverse bias, creating an 
external current which flows between the P and N regions, which is known as 
the photoconductive mode of operation. Photo diodes operating in the 
photoconductive mode generally have large dynamic range and faster response 
times than in the photovoltaic mode. 
However photoconductive operation generates dark current, which is not 
present when employing photovoltaic operation. The presence of this dark 
current can limit the sensitivity of the device when under photoconductive 
operation. 
1.3.3 Wavelength Selection. 
The narrow bandwidth ofthe LED emission means that this work is concerned 
primarily with the emission wavelength selection. Due to the nature of the 
radiation to be excluded, a sharp cut-off coloured glass filter was deemed to be 
the most suitable. Light to be excluded is oflower wavelength than the 
radiation of interest, therefore a filter which efficiently absorbs below a 
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designated wavelength, and efficiently transmits above that wavelength will 
fulfil the requirements of wavelength selection. 
The sharp cut-offfilters are coloured glass and inexpensive, fulfilling the 
criteria for component selection. 
The actual filters employed are discussed in chapter 2 and the matching of filter 
wavelength to source output! fluorophore properties are described in chapter 3. 
1.3.4 Alternative Optical Components. 
The advantages of using the components selected have been described, 
presented here are other devices which have been used and the reasoning behind 
why they are not suitable for consideration here. 
1.3.4.1 Alternative Light Sources. 
Incandescent sources emit continuous radiation by thermal excitation of source 
atoms or molecules and include the tungsten filament lamp and the tungsten 
halogen lamp. They have a spectral operational range of330nm to the near 
infrared and are inexpensive, reliable and stable, however the proximity of the 
light source to the sample in the optical arrangement described here would 
cause unwanted heating of the sample. They are also fragile and their broad 
spectral output would mean employing excitation wavelength selection. 
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A light source commonly employed in filter fluorimeters is the low pressure 
discharge source in the form of the low pressure mercury vapour lamp. These 
produce individual mercury lines, those of highest wavelength being 546.1 
run. 577.0 nm and 579.1 run. This limited emission is a fundamental drawback 
of this light source. The lamp can be coated with a phosphor to give a virtually 
continuous spectrum, but this then means the introduction of further excitation 
optics. The fragile nature of the lamp would also be a disadvantage. 
Arc lamps are the light source of choice in commercial spectrofluorimeters. A 
xenon arc lamp has a continuous output from 190-750nm, the continuum then 
declines severely with a few intense lines between 800 and 1000run. A mercury 
arc lamp is dominated by the mercury lines already described, with a weak 
continuum to 2500 run. These lamps require an expensive power supply to start 
and operate. Their advantages lie in the continuous nature and intensity oftheir 
output rather than the criteria sought here. 
The fact that laser diodes are fmding use in the long wavelength fluorescent 
devices (see chapter one) is testament to the intense emission they provide in 
the long wavelength region. It is possible to operate laser diodes by using 
inexpensive, portable, low voltage power supplies. They are compact and 
efficient and have lifetimes exceeding 50 000 hours. 
Although they are inexpensive compared to conventional light sources, they 
cannot compare with the low cost ofLEDs. 
Laser diodes have a bandwidth typically over ten times more narrow than that 
ofLEDs, this allied to the limited number of wavelengths of emission available 
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can limit the fluorophores that can be utilised. The fact that laser diodes need to 
be cooled in order to provide a stable output also limit portability. 
1.3.4.2 Alternative Detection Systems. 
By far the most common detector used in commercial fluorimeters is the 
photomultiplier tube. They have high sensitivity and a spectral range of up to 
900 nm can be achieved. They are however very delicate and require an 
expensive power supply due to the high voltages required in operation. 
Solid state detectors are available in increasing levels of sophistication and 
performance. An avalanche photodiode operates with high sensitivity (which 
can approach that of a photomultiplier tube), and spectral response covers the 
same range as non-avalanche junction detectors. 
The prohibitive cost of using this diode as a detector is the primary reason for it 
not being considered for this study. 
A charged coupled device (CCD) is a multichannel detector and comes in a 
semiconductor "chip" package. It is around one hundred times more sensitive 
than a diode array detector, and its high resolution, dynamic range and very low 
dark current are obvious advantages when measuring small fluorescence 
signals. The CeD's multichannel capability was not necessary for his study, 
they are also expensive and need to be cooled during operation limiting its use 
in a portable system. 
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1.4. Nile Red. 
The phenoxazones are a large class of dyes which contain the functionality 
shown in fig 1.4 
o 
Fig 1.4 Phenoxazone Moiety 
Nile Red is an example of a phenoxazone dye and is named alternatively as 9-
diethyIamino-5H-benzo[ a ]phenoxazine-5-one or Nile-Blue-A-Oxazone. The 
structure of Nile Red is shown in fig 1.5 
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o 
Fig 1.5 Structure of Nile Red 
The group of dyes known as the phenoxazines (which feature an amino group, 
rather than a carbonyl group in the phenoxazone), includes a dye called Nile blue 
which has long been known to be an effective laser dye (45) 
Basting et al. (46) utilised the pronounced solvatochromatic behaviour of the 7-
amino-phenoxazones (of which Nile red is an example), to produce a laser dye 
which has a broad tuning range of wavelengths with different solvents/solvent 
mixtures. 
Basting's work was based on the fact that Nile red is the corresponding 
phenoxazone to the efficient laser dye Nile blue A. He found that when Nile blue 
was employed in a dye laser, that the whole range from 580 to 743nm could be 
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covered using different solvents or solvent mixtures (without any significant 
gap). 
Fowler and Greenspan (47) utilised the solvatochromatic properties of Nile red to 
develop a sensitive fluorescent histochemical stain for tissue lipid. Here, Nile 
red's intense fluorescence, varying fluorescent emissions in different 
hydrophobic lipids and the relatively insignificant fluorescence in water were 
stated as properties which resulted in an effective staining process. This process 
was applied to frozen tissue ofliver and aorta from a rabbit and corresponded 
favourably with a commonly used dye for tissue lipids. 
Fowler and Greenspan (48) also state how Nile red is prepared from Nile blue A 
by acidic hydrolysis and extraction into xylene. 
The Nile red/lipid interaction has been studied and utilised extensively following 
this initial citation. 
Fowler et. al. (49) used Nile red as a reagent for the rapid detection and 
quantification of a wide variety oflipids and other hydrophobic compounds after 
their separation using thin layer chromatography. The properties of the dye 
which facilities this application are stated as: its fluorescence appears in organic 
media but is quenched in water, it has intense fluorescence which is 
photostable, and the fact that the dye preferentially dissolves in hydrophobic 
compounds. 
Bonilla and Prelle (50) used Nile red ( in conjunction with Nile blue), to visualise 
lipid droplets and membrane proliferations in pathological muscle biopsies. Here 
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the combination of dyes proved comparable ifnot superior to stains previously 
used for the purpose of detecting lipids in human skeletal muscle. The results 
indicated that Nile Red is a useful stain for visualising lipid droplets and 
membrane proliferations occurring in lipid storage disorders and mitochondrial 
myopathies. 
Knobler et. al. (51) carried out work to fmd an alternative to the 
ultracentrifugation traditionally used to evaluate circulatory lipoprotein status 
and hence identify individuals at risk from cardiovascular disease. Nile red 
staining coupled with gel permeation chromatography was employed. It was 
found that Nile red staining allows qualitative visualisation ofiipoproteins in 
plasma by gel permeation of serum in a single step "on-line", when employing an 
appropriate fluorescence detector. 
Haynes and Chio (52) used the uptake of Nile red by mouse peritoneal 
macrophages from oil in water emulsions to study the mechanism by which a 
lipophilic substance is transferred from a fat emulsion to the peritoneal 
macrophage. 
Brown et. al (53) also employed Nile red to stain and visualise cellular 
phospholipid inclusions. Skin fibroblasts from a patient with Niemann-Pick 
disease (a disorder characterised by a deficiency in lyposomal sphingomyelinase 
activity resulting in an intra cellular accumulation of sphingomyelin) were 
examined. Fluorescence microscopy was used to visualise the Nile red stained 
inclusions in the cytoplasm, demonstrating that the liposomal phospholipid 
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inclusions can be readily visualised with Nile red. Nile red also allows their 
deposits to be distinguished from neutral lipid droplets due to the dye's 
spectroscopic properties. 
Brown et. al. (54) also used similar procedures in utilising Nile red to distinguish 
between normal human fibroblasts and fibroblasts from individuals with genetic 
deficiency in lysosomal acid lipase activity. This was a procedure which 
involved thin layer chromatography, Nile red treatment and fluorescence 
spectroscopy to produce information on cellular lipid overloading. 
The efficiency of Nile red as a lipid stain allowed Castell et. al. (55) to stain 
oyster larvae allowing relative quantification oflipids in individual larvae. 
Fluorescence microscopy allowed up to one thousand stained larvae to be 
analysed per day. 
The accumulation of lipids in macrophage derived foam cells (which are a 
prominent components of developing atherosclerotic lesions) was monitored 
using Nile Red staining/fluorescence microscopy by Klinker et. al (56) 
Kostarelos et. al. (57) used Nile red as a bi-Iayer probe to study the morphology 
ofthe liposomal structures which results on the addition of(tri-) block polymers 
to phospholipid residues. 
Sackett and Wolff(58) discuss the use of Nile red to study non-polar groups in 
proteins, these hydrophobic sites being important in the understanding of protein 
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stability, protein - protein interactions, protein - membrane interactions and the 
effects of small molecules on protein structure. Nile red is shown to interact with 
many proteins, including ~ - lactoglobulin, caesin and albumin, with a wide 
range of different spectral changes for different proteins. 
Sackett and Wolff (58) detailed the spectral changes apparent in Nile red when 
the dye interacts With ~-Iactoglobulin, stating that the protein bound dye has a 
strongly enhanced fluorescence emission intensity. The peak emission intensity 
of the dye /protein complex is also shown to undergo a significant blue shift 
compared to aqueous Nile red, in the order of 50nm. 
This work carried out by Sackett et. al. Has obvious practical and theoretical 
relevance to the work being carried out here, being a source reference for the 
study of Nile red: ~-lactoglobulin interaction. This work suggests that Nile red is 
a probe of hydrophobic surfaces and suggests a relationship between protein 
concentration and Nile red fluorescence intensity. 
Further properties of Nile red which makes it a suitable tool for this application 
are: photostability, high quantum yield, broad spectral working range, long 
wavelength fluorescence, large Stokes' shift and the fact that the fluorescence is 
unaffected by pH between the range of 4.5 and 8.5. 
Tubulin, which is the major structural component of microtubules had its 
hydrophobic surface probed by Sackett and Wolff (59) using the fluorescence of 
Nile red. Both steady-state and time resolved Nile red fluorescence were 
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employed to identify a number of surface properties oftubulin when Nile red 
binds to that protein. Two binding sites for Nile red can be clearly distinguished 
on the surface oftubulin. These sites differ in both emission wavelength of Nile 
red fluorescence when bound to that site, and the affInity of Nile red for that site. 
This suggests molecular environments of different polarity, and suggests a 
method for study of the protein surface properties, distinguishing whether the 
tubulin exists in its monomeric , dirneric or polymeric form. 
Lahti et. al. (60) used Nile red bound to E.coli inorganic phosphatase to monitor 
the sensitivity of the enzyme to heat denaturation and so determine the 
importance of the role played by the two tyrosines in the enzymes' amino- acid 
sequence. 
Golini et at (61) completed steady-state solvatochromic and thermochromic 
studies of Nile red absorption and emission in nine dipolar solvents. The results 
were treated to yield information regarding the energetics of the excited states of 
Nile red. It was concluded that a twisted intramolecular charge transfer (TIeT) 
effect is present at high solvent polarity, a phenomenon described in Chapter 4. 
Hassoon and Schechter (62) used Nile red as a fluorescence probe for DOT-type 
contaminations in aqueous solutions. They showed that the effects of such 
pesticides (e.g. methoxychlor) on Nile red fluorescence properties were 
significant enough to be used for analytical purposes. It is stated that the 
fluorescence enhancement due to pesticidelNile red complex is linearly 
dependent on pesticide concentration in ng/ml range. 
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It is this enhancement effect of Nile red in combination with species which 
enhance the dye's fluorescence in aqueous solutions, which is utilised in this 
work. 
1.5. p-Iactoglobulin. 
1.5.1. Introduction. 
Bovine milk is a ready source of animal protein, an average gross composition 
of which is shown in table 1.2 
Composition Species 
. 
87% Water 
3.9% Fat 
3.5% Proteins 
0.7% Ash 
4.9% Lactose ) 
Table 1.2. Composition of Bovine Milk 
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Proteins % Milk 
Caseins 2.5 
(3-lactoglobulin 0.3 
a-lactoglobulin 0.Q7 
Blood serum albumins 0.03 
Euglobulins 0.03 
Pseudoglobulin 0.03 
Other albumins and globulins 0.13 
Fat globule protein 0.02 
Total 3.11 
Table 1.3. Proteins present in Bovine Milk 
Generally when discussing the proteins of milk it is necessary to distinguish 
between the proteins in milk and those obtained from milk by various physical 
and chemical procedures. Due to the ease in which casein can be isolated from 
milk, the earliest sub division of milk proteins was casein or curds and whey 
proteins. 
However, this implies that casein exists in milk in the same form as it does in its 
isolated state, which is not true. In milk, casein exists in the form of a complex 
or micelle, consisting of calcium caseinate with phosphate, additional calcium, 
magnesium and citrate. Casein may in fact be defmed as the protein precipitated 
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by acidifying milk to a pH value near 4.6 (63) and is properly called hydrogen 
caesinate. 
The proteins remaining in solution after the curds have been removed from the 
milk are known as the whey proteins or milk serum proteins and are shown in 
table 1.3. Palmer in 1934 (64) discovered that a crystalline protein with low 
water solubility could be separated out from the classical lactalbumin fraction. In 
1942, Cannan et al., (65) proposed the name ~ lactoglobulin by which the 
protein is known today. 
~-lactoglobulin was shown to be the most abundant of whey proteins and because 
of the fme crystals of the proteins that could be isolated from bovine milk, 
~-lactoglobulin was considered to be a convenient pure protein to use in physical 
and chemical studies. It was used in the flfst complete analysis of a fairly large 
protein. Reviews of this early work have been written by McKenzie (67), 
McMeekin (68) and Tilley (69). An important discovery however was made by 
Aschaffenberg and Drewry (70), who discovered that bovine milk could contain 
either a mixture or one oftwo types of ~-lactoglobulin. It was possible to isolate 
each type in a state of high purity, eventually these became known as A and B. It 
was shown that the occurrence of these variants was genetically determined and 
was the fITSt demonstration of genetic variation in milk proteins. 
These genetic variants differ only by a few amino acid residues, they are 
discussed later. 
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f3-lactoglobulin is the predominant whey protein in the milk of many species (71) 
The protein has a molecular weight of18,400 corresponding to a polypeptide 
chain of 162 residues. 
The exact function of f3-lactoglobulin is still really unknown and many theories 
have been postulated. It was previously thought as with all milk proteins it may 
act as a source of amino acids for nutrition in young ruminants or that it has an 
enzymatic role in milk biosynthesis (72). None of these theories have been 
proved although f3-lactoglobulin has been found to act as a substrate for a certain 
enzyme(73), suggesting it may have an enzymatic function. 
More recent work has involved the theory that f3-lactoglobulin may be a transport 
protein. Studies of small globular proteins termed lipocalins, which interact with 
certain hydrophobic ligands suggests that these proteins can be classified in the 
"superfamily" of hydrophobic molecule transporters (74). f3-lactoglobulin, retinol 
binding protein, bilin binding protein and insecticyanin are the best known 
proteins of this class. All these proteins are known to have similar structures (75) 
especially f3-lactoglobulin and retinol binding protein (76). In fact it has been 
found in-vitro that retinol has a greater affmity for bovine f3-lactogloulin than it 
does for bovine retinol binding protein. This prompted speculation that f3-
lactoglobulin is involved with vitamin A transport and in fact Papis et al. (76) 
reported the discovery of f3-lactoglobulin receptors in the small intestine ofthe 
neonate calf which may be important in vitamin uptake. However, in milk, 
retinol is associated with fat globules (77) and retinol bound 
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to ~-lactoglobulin has not been detected. Thus the binding of retinol in-vitro 
could only reflect a general affmity for small hydrophobic molecules. 
~-lactoglobulin has also been shown to bind certain fatty acids in-vitro (7S). 
Other proteins which specialise in fatty acid transport, like a-fetoprotein (79) are 
also able to bind retinol in-vitro, in a binding site that overlaps one of the fatty 
acid binding sites. (SO). This indicates that ~-lactoglobulin may have a role in 
fatty acid transport. 
It has also been determined that ~-lactoglobulin shows certain homology with 
some intracellular fatty acid binding proteins like Z protein and P2 protein (SI). 
These proteins with a tissue-specific distribution have different ligand affmities 
suggesting they may have evolved to serve distinct functions all related to lipid 
metabolism. Which is another possible function for ~-lactoglobulin. 
1.5.2. Species Differences and Genetic Variations. 
As stated previously the first discovery of genetic variants of ~-lactoglobulin was 
made by Aschaffenburg and Drewry in cows. In the present day ~-lactoglobulin 
is known to vary between species and there may even be several different forms 
per species. Sheep, horse, pig, goat, kangaroo and many other ruminant ~­
lactoglobulin have all been studied (S2) although bovine ~-lactoglobulin and its 
generic forms is the most commonly discussed in the literature. 
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Since the discovery of the two variants of bovine 13-lactoglobulin by their 
differing mobility on filter paper electrophoresis at pH 8.6, 'A' having a higher 
mobility than 'B', other forms have also been discovered in various breeds of 
cattle. In 1962, Bell (73) showed the existence of a third variant in Australian 
Jersey cows. This variant had a mobility less than the' A' or 'B' variants and 
was shown to be genetically determined. It was called variant 'c' and its 
presence was later confirmed in Jersey cattle in North American, British and 
other European herds. The fact that it could not be found in any Guernsey herd 
inferred that the two breeds differed in origin and must have arrived in the 
Channel Islands by different routes. 
In 1966 two other variants were announced, variant 'D' was found in cattle in 
France (83) with its presence later confirmed in many other European herds. The 
second new variant was isolated from Australian Drought Master beef cattle( 84) 
and was given the name 13-lactog10bulinDr . 
The differences in the bovine variants are small and all of them are believed to 
have a monomeric molecular weight of around 18,400 apart from the 
droughtmaster from which has a weight of ca. 20,000 because of its carbohydrate 
content. 
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1.5.3. Effect of pH on I3-Lactoglobulin 
13-lactoglobulin shows a remarkable stability to low pH resisting denaturation 
even at pH 2, however, it denatures at alkaline pH. At intermediate values it 
aggregates and undergoes conformational changes some of which have been 
detected by spectroscopic techniques (85-91) and are discussed below. 
pH Range 1.8-3.5 
In this range all the variants appear to undergo a rapid monomer~imer 
equilibrium with increasing dissociation as the pH is lowered. 
pH Range 3.5-5.2 
Intially, 13-lactoglobulin was considered to exist as a molecular weight unit of 
36,000 near pH 5.2 and this was considered to be the monomer unit. Eventually, 
however, it became clear that this was in fact the dimeric unit of two identical 
chains held together by non-covalent forces. It is now apparent that even at pH 
5.2 the dimer, is very weakly dissociated to the mono mer. As the pH is lowered 
there is an increasing tendency for dissociation. This type of behaviour has been 
observed for all the bovine variants, but the bovine' A' variant is largely 
associated above the dimer in fact an octamer formation is preferred. The dimer-
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oetamer equilibrium is rapid and unstable and is favoured at a temperature of 
4°C. At pH values above and below pH 4.6 the amount of octamer falls away. 
The 'B' variant can form mixed octamers with the 'A' variant but by itself it only 
octamerizes weakly. It is thought that the formation of the octamer involves 
carboxyl groups and hydrogen bonding (92,93). 
pH Range 5.2-9.2. 
Between pH 5.2 and 6.0 the protein changes from the acidic Q form to the native 
N form (85). The species larger than the dimer decrease in relative amounts and 
the dimeric form is predominant at pH 6.0. At pH 7.5, there is a reversible 
transition (knO'M1 as the Tanford transition) (94), which is characterised by the 
release of a buried carboxyl group, an increase in the reactivity of a free 
sulphydryl group and a change in enviromnent of a tyrosine residue. The released 
carboxyl group is generally considered to be the ionization linkage of the 
transition and the increase in reactivity of the sulphydryl parallels the degree of 
dissociation of dimer to mono mer (variant' A'>'B'>'C'). 
Above pH 7.5 the protein exists as a monomer while at pH 8.0 and above, several 
time-dependent changes involving conformational and new aggregation 
processes occur and are related to the irreversible denaturation ofthe protein. 
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1.5.4. Binding Properties of ~-Lactoglobulin. 
As mentioned previously, an interesting property of ~-lactoglobulin is its ability 
in-vitro to bind a variety of hydrophobic substances which could be related to its 
physiological role. It has been shown that the protein can bind long chain fatty 
acids (78) and triglycerides (95). The binding site for the fatty acids was 
proposed by Spector and Fletcher (96) as a hydrophobic pocket with positively 
charged amino acids near the entrance. The changes in hydrophobicity induced 
by this binding have been measured using hydrophobic low wavelength 
fluorescence probes like cis-paranaric acid and ANS (97). These binding 
properties have been exploited by using ~-lactoglobulin as an emulsifYing agent 
in food technology (98) and as a fatty acid carrier in cell culture (99). 
It has also been reported that ~-lactoglobulin from several species can bind 
retinol and some of its derivatives especially retinoic acid which is one of the key 
morphagen molecules in developing embryos (75). This property has been 
related to a possible vitamin A transport function of ~-Iactoglobulin. Retinol 
itself is believed to bind to the protein in a 1:1 molar ratio with a dissociation 
constant in the range of 10-8 M. Initially it was believed that retinol was binding 
in the J3-barrel of J3-lactoglobulin with a tryptophan residue interacting with the 
J3-ionone moiety of retinol (100). However X-ray diffraction studies have shown 
that the binding site is a superficial hydrophobic pocket rather than a ~-barrel 
(101) and that this pocket may be the same as that associated with the fatty acids 
(102). 
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The possible biological function of (3-lacotglobulin is reviewed (103). Here it is 
emphasised that the structure is homologous to Retinol-binding protein and 
lipocalycins. As both of these species function is transporting small molecules, 
by analogy, they suggest its role is as a transporter of retinol and fatty acids. 
The ability of (3-lacotglobulin to bind two different types of hydrophobic ligands 
simultaneously has been shown (104). A fatty acid (palmitic) was shown to bind 
to the protein when already saturated with retinol or retinoic acid. 
The binding of a long wavelength probes to (3-lactoglobulin could conceivably be 
used as an analytical tool for determining the protein. 
1.6. Flow Injection Analysis. 
In 1975 flow injection analysis (FIA) was first used by Ruzicka and Hansen 
(105). They described it as the use of sample injection into an unsegmented 
flowing stream for rapid continuous analysis. 
FIA is now well established in analytical chemistry because of the advantages it 
has which include: 
Simplicity. 
Inexpensive equipment. 
Ease of operation 
Rapid. 
Precise and accurate. 
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The theory and application ofFIA are covered by many review articles (106-112) 
and books (113,114) 
FIA has four main principles: 
a) Unsegmented flow 
b) Direct injection. 
c) Controlled partial dispersion. 
d) Reproducible operational times. 
A simple scheme for a FIA system is shown in fig 1.6. 
Injection Valve Detector 
Carrier 
Reaction coil 
Fig 1.6. Simple flow injection analysis manifold 
It consists of the following components: 
a) A propelling unit which should produce a steady, pulse-less flow of one 
or more solutions. The solutions may be of dissolved reagents or merely a 
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carrier for the sample plug. The most common method of propulsion is a 
peristaltic pump. 
b) An injection system which allows the reproducible introduction of sample 
solution into the flow without stopping it. 
c) A length of tubing along which the transport operation takes place, this is 
referred to as the reactor. Dispersion of the sample plug into the carrier or 
reagent takes place as the plug passes along the tube. There may also be a 
chemical reaction occurring. 
d) A flow cell, accommodated in a detector which transduces some property 
of the analyte into a continuous signal to a recorder or computer. 
The signal obtained from FlA is transient. A typical peak is shown in fig 1.5 
R 
e 
s 
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o 
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e 
Fig 1.7 Typical FIA peak. 
Time 
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The parameters that effect the peak shape are: 
a) The flow rate ofthe carrier. 
b) The volume injected along its length and the internal bore of the sample 
loop. 
c) The length and bore of the manifold. 
d) The viscosity of the sample and the carrier 
e) The detection and recording time constant. 
In FIA a sample injected into a carrier stream flowing through a narrow bore 
straight section of tube initially exists as a well-defined plug. As the plug travels 
down the stream it disperses and mixes with the carrier stream and a well-defmed 
concentration gradient is formed. Two mechanisms contribute to this mechanism: 
a) Convective transport, which occurs under laminar flow conditions and 
yields a parabolic velocity profile, with the plug molecules at the tube walls 
having zero velocity and those at the centre having twice the average velocity. 
b) Diffusional transport which consists of molecular diffusion in the axial 
direction (parallel to the direction of flow), and molecular diffusion in the radial 
direction (perpendicular to the direction of flow). 
Axial diffusion is small compared with dispersion due to the flow velocity and 
can be ignored under most experimental conditions. Whereas radial diffusion 
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makes a large contribution to the overall dispersion, molecules in the centre 
move to the edges and those at the edges move to the centre. 
The dispersion of dilution of a sample in FIA is given by the following equation, 
D 
where D = 
Co = 
c 
c 
dispersion 
the concentration of the sample. 
the concentration of the sample at the peak 
maximum. 
calculated from the peak response of the detector due to the analyte. 
The degree of dispersion of the sample zone depends on the tube length and 
radius, the flow rate, the sample volume injected and the molecular diffusion 
coefficients of the species concerned. By changing these parameters, the 
dispersion can be easily manipulated to suit the requirements of a particular 
analytical procedure to produce an optimum response in minimum time and 
reagent expense. 
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Dispersion falls nto three categories: limited, medium and large. The peak shape 
varies from sharp and asymmetric for limited dispersion, Gaussian for medium 
dispersion and broad with exponential peak shape for large dispersion. 
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CHAPTER TWO 
MATERIALS, GENERAL INSTRUMENT A nON AND 
METHODS. 
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2. 1. Materials. 
Deionised triply distilled water was obtained from a Liquipure Modulab system 
(Liquipure) 
All solvents were HPLC grade and were obtained from Fisons Chemicals 
(Loughborough, UK). Other chemicals and suppliers used are detailed below: 
Nile Red 
Rhodamine 800 
Dimetyl sulfoxide (DMSO) 
2-(N-morpholino) ethane 
sulphonic acid (MES) 
Ethylenedioxyethylene 
dinitro acetic acid (EGT A) 
Sodium azide 
Magnesium chloride 
Sodium chloride 
Hydrochloric acid 
Tris(hydroxymethyl) 
amino methane hydrochloride 
(TRIS) 
~-Iactoglobulin 
(from bovine milk,3x crystallised and lyophilised) 
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Lambda Physik. 
Sigma Chemicals .. 
Sigma Chemicals. 
Sigma Chemicals. 
Sigma Chemicals. 
Sigma Chemicals. 
Sigma Chemicals. 
Fisons Chemicals. 
Sigma Chemicals. 
Sigma Chemicals. 
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2.2 Instrumentation 
2.2. 1. pH Measurements. 
All the pH measurements were performed with a daily calibrated saturated 
calomel electrode in conjunction with a Coming 140 pH meter (Fisher 
Scientific, Loughborough, UK). 
2.2.2. Absorbance Measurements. 
All absorbance measurements were made using a Unicam, 8700 series 
ultraviolet visible spectrophotometer connected to a Unicam plotter (Fisher 
Scientific, Loughborough, UK). 
2.2.3. Fluorescence Measurements. 
Fluorescence measurements were made using a Baird-Atomic SRF 100 
spectrofluorimeter or a Perkin Elmer MPF-44 spectrofluorimeter (Perkin 
Elmer, Beaconsfield, UK), both being connected to a chart recorder. 
Alternatively a Perkin Elmer LS50 luminescence spectrofluorimeter (Perkin 
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Ehner, Beaconsfield, UK) was used which was interfaced to an Epson AX3 
personal computer fitted with the fluorescence data manager software package 
which controlled all aspects of the spectrofluorimeter. 
All spectrofluorimeters were fitted with a RS928 photomultipulier tube to ensure 
the spectral range of the detector included the wavelengths of concern here. 
2.3. Equipment. 
Static fluorescence measurements were carried out using a I cm path length 
Hellrna silica fluorescence cell (Westcliff-On-Sea, Essex, UK). For the flow 
injection work a Gilson Miniplus 3 (Anachem, Luton, UK) peristaltic pump was 
used. The FIA injection valve used was a 50J.11 Rheodyne 5020 manual 
injection valve (Anachem, Luton, UK). Both the transmission tubing (various 
diameters) and the manifold tubing (ID 0.8 mm) was supplied by Anachem. 
2.4. Methods 
2.4. 1. Preparation of Buffers. 
MESBuffer 
For a litre of 0.1 M MES buffer: 
19.52g ofMES (0.1 M) 
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The buffer was adjusted to apH of6.9 or 8.75 with the use of5M NaOH and 
then stored at 4°C. 
TRlS Buffer 
For a litre of 0.1 M TRIS buffer: 
15.76g TRISIHCL 
0.05% w/v ofNaN3 
The buffer was adjusted to a pH of 7.4 with the use of5M NaOH and then 
stored at 4°C. 
Phosphate Buffer Saline (PBS) 
For a litre of 0.1 M PBS buffer: 
8g NaCl (130mM) 
0.2g KH2P04 (1.4mM) 
1.13g Na2HP04 (8mM) 
0.2g KCl (2.6mM) 
0.05% w/v ofNaN3 
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The buffer was adjusted to a pH of7.5 with the use of 5M NaOH and then 
stored at 4°C. 
To prevent bacterial growth 0.05% w/v sodium azide was added to the buffers. 
All fluorescent measurements were made in MES buffer pH 6.9 unless 
otherwise stated. 
2.4.2. Preparation of p-Lactoglobulin Solutions. 
p-lactoglobulin was prepared in buffer at the required stock solution 
concentration, freshly made each day. The stock solution was then aliquoted out 
to give the desired fmal concentrations. This was necessary to avoid any errors 
due to sticking of the protein to the glass or plastic walls of its container and to 
reduce the chance of contamination. 
2.4.3. Preparation of Nile Red Solution 
Nile Red was stored as a 2mM concentrated stock solution in DMSO at -20°C. 
This solution was then thawed for the minimum time required to aliquot the 
solution into a volumetric flask, when the stock would again be frozen. This 
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operation would be carried out immediately before the time of intended use of 
the aqueous solutions due to the instability of the dye in these solutions. 
2.4.4 Thin Layer Chromatography 
Dye was dissolved in mobile phase at a concentration of lOOJlM. The dye 
solution was spotted onto silica plates, 2cm from the bottom of the plate. The 
plate was left in a tank containing a O.5cm depth of mobile phase, and left for the 
chromatograph to develop. As the solvent front approached the top ofthe plate 
(approx. lOcm), the plate was removed from the bath. 
Rf values are given by the distance the solute travelled divided by the distance 
travelled by the solvent front (taken from the point the dye was spotted). 
All thin layer chromatography experiments were carried out in triplicate for each 
mobile phase used. 
2.4.5 Determination of Dispersion Associated With a Flow-Injection 
Analysis System. 
A dye solution of a concentration to be injected into the flow-injection system 
was prepared. This dye solution was then pumped directly through the detection 
system, under conditions identical to those in the [mal analysis. The signal given 
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by the detector under these conditions was effectively the signal of undispersed 
dye. 
The manifold of which the dispersion was to be measured is then installed on-
line with the detector. The dye solution (which was previously measured 
undispersed) was then introduced to that manifold. 
The peak signal given as the dye passes by the detector was the signal given by 
the dispersed dye. 
The dispersion of the system was obtained by dividing the signal for the 
undispersed solution by the signal for the dispersed signal. 
2.5. Electronics Used. 
The electronics employed in the photodiode amplifying circuit were based 
around a field effect transistor. This chip was chosen for its high input 
impedence, meaning that there is negligible current into the operational 
amplifier. This facilitates good voltage amplification. and the circuit is illustrated 
in fig 2.1 
The components illustrated in fig. 2.1. are: 
A Photodiode 
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B 1 M n feedback resistor 
C Potentiometer (cermet multiturn 10m variation across linear track: RS 
stock no. 187-220). 
D multimeter (Racal-Dana 4009 digital meter). 
The operational amplifier (Op-Amp) shown in the diagram is an LF355N (RS 
stock no. 307-058) field effect transistor input OP-Amp which was set into a 
printed circuit board (RS stock no. 434-065). 
The connections numbered in the diagram were: 
1. Offset null. 
2. Inverting input. 
3. Non-inverting input. 
4. Positive supply. 
5. Offset null. 
6. Output. 
7. Negative supply 
Subsequent ~-lactoglobulin experiments employ the medium area photodiode 
operated in the photovoltaic mode. 
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c 
B 
1 8 
2 7 
+15V 
3 6 
4 5 D 
A LF 355N OP-AMP 
-15V 
-15 V 
(For Photovoltaic operation) 
Fig 2.1 Circuit used to amplify and measure photodiode output. 
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2.7 Optical Components. 
2.7.1. LEDs used. 
The principal LEDs that were utilised in this work and their characteristics are 
shown in table 2.1 
Type Supplier Part Peak Intensity Viewing 1""",(mA) V=x(V) R 
N° emission (med) angle (") (0) 
Wavelength 
(nm) 
Green Rs 590- 563 250 25 25 4 47 
496 
Green Everlight EL333 565 120 16 30 2.8 120 
VGT 
Green DCL L200C 555 150 12 50 2.5 47 
PG65 
Red RS 588- 635 125 24 30 2.2 120 
263 
Table 2.1 Characteristics of the LEDs employed in this study .. 
Intensity is measured in millicandella (mcd) and is a measure of the luminous 
intensity of the output of the LED. It is measured in the direction of the 
mechanical axis of the LED using a small measuring angle with respect to the 
80 
Chapter Two 
viewing angle ofthe LED. The intensity figure stated is for a given forward 
current. 
The Imax value is the forward current at which the LED will function at correct 
colour and light intensity. If this current is exceeded performance and operating 
lifetime will both be effected detrimentally. 
J;-EDs are current driven devices and must be used with an external series 
resistor. The Ohmic value of this current limiting resistor is selected to give an 
operating current ofI max. 
The viewing angle of an LED depends on the epoxy lens shape, the amount of 
epoxy diffusant and the position of the LED within the lens. To determine the 
viewing angle, the intensity is measured along the axis, then the LED is rotated 
until the intensity value drops by one half. The angle of this rotation is then 
doubled to give the viewing angle. 
The LEDs in the study were chosen primarily for the wavelength of maximum 
emission but high intensity and small viewing angle were also favoured. 
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2.7.1 Filters Used. 
Two different filters were used as emission wavelength selection devices during 
the course of this work. 
The filter used in conjunction with green LEDs and with Nile Red as fluorophore 
was a Melles Griot Schott Glass type. It had a Melles Griot product number 03 F 
CG 101 and is described as a "sharp cut-oft" filter, with a claimed cut-off 
wavelength at 61Onm. This cut-offfigure is the mid-point of the region over 
which the filter ceases to absorb incident light and starts to transmit - absorbing 
at the low wavelength side of this figure, transmitting above. 
The practicalities ofthis filter are that there is a spectrally significant wavelength 
range over which the filter absorbance decreases. 
The filter had optical characteristics thus: 
1 % transmission at 600nm. 
50% transmission at 613nm. 
95% transmission at 633nm. 
The filter's performance and how its optical characteristics compare to the other 
optical components used are detailed in Chapter Three. 
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The second filter used was again Melle Griot Schott glass type. It had a product 
number 03 FCG I11 and again was a "sharp cut-off" filter. The declared cut-off 
wavelength was 715nm. This filter was used in conjunction with the red LED 
and rhodamine 800 fluorophore and had optical characteristics thus: 
I % transmittance at 683nm 
50% transmittance at 707nm 
95% transmittance at 733nm 
Both filters had dimensions 50mm x 50mm x 3mm. 
2.7.2 Photodiodes Used. 
Name of product Product N° Peak Spectral Active Area 
Response (nm) (mm2) 
General purpose 350-462 800 0.5 
Photodiode 
BPW21 303-719 560 7.5 
Photodiode 
Medium Area 651-995 800 41.3 
Photodiode 
Table 2.2 Characteristics of the photodiodes used in this study. 
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Three photodiodes were used in this work, all being supplied by RS components. 
Their names, RS product numbers, peak spectral response and active area are 
detailed in table 2.2 
Although the peak spectral response will be a significant factor in this work it is 
an artificial factor to an extent as spectral response of the BPW 21 photo diode 
was modified to produce an "eye-like" response with a filter built into the unit. 
The other two has peak spectral response at 800nm but a broad spectral range 
covering the wavelengths of interest here. 
As the optics in the instrument being constructed were being kept as sirnp le and 
inexpensive as possible, the size of the photodiode active area is thought to be 
the critical parameter. As the emission radiation is not collimated, a photodiode 
at which a maximum amount of this non-collimated light is incident will produce 
a more efficient detection system. 
The "medium area" photodiode had the largest active area of photodiodes and 
also met the compact, robust and inexpensive criteria. 
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CHAPTER THREE 
FLUORIMETER CONSTRUCTION AND EVALUATION. 
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3. Construction and Evaluation oCFluorimeter. 
3.1 Fluorimeter Construction 
A fluorimeter was constructed employing a light emitting diode as a light source 
to induce fluorescence and a photodiode as a detector to measure the 
fluorescence induced. 
The actual arrangement is illustrated in fig. 3.1. 
The electronics involved in providing power to the LED source and those 
required to effectively obtain a meaningful signal from the photodiode have been 
detailed in Chapter two. 
The LED source was placed hnm from the sample holder, so maintaining the 
intrinsic simplicity of the system. This was a viable approach based upon the 
following assumptions. 
a. The smaller the distance between the source and the sample, the greater is the 
intensity of incident light inducing fluorescence and subsequently the greater 
the intensity of the resulting fluorescence. Proximity ofIight source to the 
sample being important due to the divergent nature of the light beam 
emergent from the LED. LEDs typically have a viewing angle (the angle 
made by the cone ofIight at the point at which it emerges from LED) of 
between 8 degrees and 25 degrees. 
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LED 
source 
Photodiode 
Detector 
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Cuvette Holder 
Filter 
Schematic diagram of the simple fluorimeter constructed 
b. The intensity of the exciting light would be sufficient to produce a level of 
fluorescent intensity such that a viable limit of detection would result for a 
targeted application. If this is the case the need for elaboration of the manner 
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in which the exciting light is presented to the sample is deemed 
inappropriate. Modifications that could be employed to the optics which 
provide the exciting radiation being: 
I. a lens to create a convergent beam oflight which when focussed on 
the sample would maximise the intensity of the LED emission. 
u. the use of more than one LED, the emission from which could be 
focussed via a lens and presented to the sample by means of a fibre 
optic cable. 
c. The need for a wavelength selection device positioned between the light 
source and the sample is eliminated due to the narrow band width associated 
with LED emission and the careful selection of an emission filter (see later). 
The sample holding capability was provided by a cell holder from a redundant, 
laboratory built filter fluorimeter. This provides the stable, predictable 
positioning of a standard 1 cm2 fluorescence cell. It also allowed the exciting 
radiation from the light source access to the sample and fluorescent light from 
the sample access to the detector. The employment of this holder facilitated the 
90° geometry which features in the vast majority of commercially built 
fluorescence instrumentation. This means that fluorescence measurements are 
being made at right angles to the direction of exciting light, so keeping 
background scatter to a minimum. 
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The photodiode detector was housed in a metal frame and positioned such that it 
lay both in the same plane as the LED source and at right angles to it. 
The photodiode was 3mm from the sample holder allowing solid, predictable 
positioning of the emission filter. 
A rubber '0' ring insulated the metal case of the photodiode from its metal 
support. 
The emission filter (which is the only dedicated wavelength selection device 
employed) was housed between the photodiode and the detector, secured by a 
metal frame. 
All the components were contained in a light - tight metal box (18.5cm x 15cm x 
9cm) the interior of which was painted matt black (as were all of the metal 
supports). 
For access, the box was hinged at half-height. To ensure no light from external 
sources could interfere with fluorescence measurements the opening was rubber 
sealed and screw fastened. 
All wires entering and emerging from the box were kept at electrical earth by 
means of a conducting sheath in which they were enclosed. The box itself and all 
of the supports contained therein were also earthed. 
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3.2 SourcelDyelFilter Combination 
For the construction of a fluorimeter having viable sensitivity employing the 
arrangement described, whereby sophisticated optical components are kept to a 
minimum and simplicity and lack of expense are considered paramount, careful 
selection of the source/dye/filter combination is essential. There are many facets 
to this selection process and compromises must be made, not least due to the 
fmite, non-continuous wavelength range available for the components involved. 
In order to maximise the exciting capability of the LED source, the wavelength at 
which the LED emits must coincide with the excitation spectrum ofthe 
fluorophore in question. 
The LED's full exciting capability will only be reached if its peak spectral output 
coincides with the peak excitation wavelength of the dye. In practice however, 
this is not the ideal scenario due to the fact that the fluorescent light must be 
isolated from scatter resulting from LED emission. A compromise must be 
considered whereby, as short a wavelength of excitation which induces 
fluorescence is used, so making the process of isolating the fluorescence signal 
as efficient as possible. 
The longer the Stokes' shift associated with the fluorescence, the greater the 
likelihood of being able to use the LED source to its full exciting potential, while 
not compromising sensitivity due to increase in scattered light measured as 
background. 
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The role of the emission filter is to allow radiation due to fluorophore 
fluorescence to reach the detector, but eliminate radiation due to the LED 
emission scatter. The ideal situation would be to select a filter, which allowed 
transmission of the whole fluorescence spectrum and excluded the spectral 
output ofthe LED. Again a compromise must be sought primarily because the 
filters utilised, though 'sharp cut-off in nature, in practice begin to absorb as the 
cut-off point is approached from the low wavelength end of the spectrum, and 
fully transmit at a wavelength longer than the cut-off point. The wavelength at 
which 1 % transmission occurs being 30-50nm lower than the wavelength at 
which 95% transmission occurs. 
The compromise that must be reached is illustrated in fig 3.2. 
This representation is of Nile red in acetonitrile, a green LED (RS 590-496) and 
a sharp cut off filter (Melles Griot peG 101). The values represented graphically 
are: 
Nile Red Emission A.rnax = 610nm 
Nile Red Excitation" max = 530nm 
LED Emission 565nm peak output 
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EX 
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WAVELENGTH (nm) 
Fig 3.2. Illustration of spectral output of optical components used for Nile 
red detection. 
Filter Properties 1 % transmission at 600mn 
50% transmission at 613mn 
95% transmission at 633mn 
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From this schematic representation (fig. 3.2), it can be seen that good overlap 
between the LED output and Nile red excitation is achieved, and that the filter 
utilised provides effective absorption of radiation due to the LED, while allowing 
transmission of a significant proportion of the radiation due to the emission of 
Nile red. 
It is clear that the large Stokes' shift associated with the fluorophore allows 
effective fluorescence detection, which is not compromised by scattered 
radiation. 
These spectral properties of the components involved are at the heart of the 
instrument in question having the ability to achieve good sensitivity while 
utilising relatively simple hardware. 
3.4. Evaluation of Fluorimeter. 
3.4.1. Stability oflnstrument. 
Before any fluorescence measurements were made, the instrument and associated 
electronics were assessed for stability. 
As acetonitrile was to be used as the solvent in subsequent limit of detection 
determination, a cell containing acetonitrile was placed in the sample holder. The 
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potentiometer detailed was adjusted until a reading of zero mV was achieved, 
timing started and a reading was taken. 
The fluorimeter response was taken at 40 second intervals over a total period of 
over 13 minutes. This was considered a typical duration of the time taken to run a 
complete calibration curve. Twenty 'zero' readings were obtained. 
From this any drift associated with the electronics could be detected and also the 
standard deviations associated with the zero reading could be calculated. 
This procedure was carried out before each limit of detection determination. 
An example of the zero readings are given in table 3.1 
Those presented were obtained using the "Medium Area" photodiode, "590-496 
ultra bright" light emitting diode with the "RG61 0" filter in position. 
0.000 
-0.001 
-0.016 
0.012 
-0.002 
0.004 0.003 0.000 
0.014 0.002 -0.004 
-0.010 0.001 0.003 
0.004 0.016 0.000 
-0.002 -0.010 0.003 
Average value = 4.45 X 10-3 mY. 
Standard deviation = 7.76 x 10-3 mY. 
Example of the variation of zero readings over thirteen minutes to 
assess stability and standard deviation of blank value associated 
with instrument. 
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Between each blank reading here, the box was opened, the cuvette taken out and 
replaced, the box was then closed. 
It was found that the standard deviation decreased by a factor of three when the 
box remained closed. The reason for this is likely to be the slight changes in 
geometry introduced when the cuvette is replaced. The phenomenon will mean 
improved limits of detection if the box is not opened between readings (i.e. if an 
FIA system is employed). 
3.4.2. Limit of Detection Determinations. 
To assess the sensitivity that could be achieved with the arrangement described, 
a fluorophore was selected, the spectral properties of which took the 
measurements being made into the long wavelength region of the spectrum (600 
-lOOOnm). 
Rhodamine 800 in acetonitrile has an excitation maximum at 689nm and an 
emission maximum at 709 nm. 
Although this is a small Stokes' shift when compared to that of Nile red, the 
longer wavelength at which emission occurs in rhodamine 800 takes the study 
further into the long wavelength region of the spectrum where advantages of 
monitoring lower energy fluorescence radiation are pronounced. As one of the 
aims of this work was to produce a fluorimeter, which detects radiation in this 
region, rhodamine 800 is the fluorophore employed to evaluate the fluorimeter 
performance. 
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3.4.2.1.Rhodamine 800 limit of detection curves. 
The calibration curves for rhodamine 800 in acetonitrile were detennined using 
each of the three photodiodes outlined in chapter one in the detection system. 
The SFRlOO spectrofluorimeter was utilised to obtain an equivalent calibration 
curve. The measurement parameters for this spectrofluorimeter being: 
Excitation Wavelength 680nrn 
Emission Wavelength 7lOnrn 
Gain xlOO 
Excitation Slit Snm 
Emission Slit Snm 
The limit of detection curves relating to the three photodiodes and that for the 
spectrofluorimeter were generated from the data shown in table 3.2, and are 
illustrated in figs. 3.3-3.6 
The linearity of the lines generated are compromised at the lower concentration 
values due to the limit of detection being approached/reached. 
Deviation from linearity is also noted at the highest concentrations values due to 
the high absorbance of the solutions used to make the measurements. The 
absorbance of the most concentrated solution being greater than the 0.05 
absorbance units which is considered the maximum value at which fluorescence 
intensity retains a linear relationship with flurophore concentrations. The linear 
96 
Chapter Three 
portion of the graph (employing the intermediate concentrations) from which the 
limit of detection for the relevant photodiode detector were generated using the 
leastsquares plot. Despite the deficiencies stated, these plots clearly show which 
is the photodiode which imparts the greatest sensitivity for the detection system, 
and also illustrates that using the medium area photo diode results in sensitivity 
which is comparable to the conventional spectrofiuorimeter. 
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[R800]/f'M 
2.02 x 104 
1.01 x 10·' 
1.01 x 10-> 
1.01 x 10·' 
2.02 x 10-' 
6.05 x 10-· 
0.101 
0.151 
0.202 
2.02 
SO of Blank 
3 xSOof 
Blank 
Approx. 
LOO/I'M 
Table 3.2. 
Chapter 1bree 
BPW21 General Medium SRFI00 
Signal Purpose Area Signal Signal 
Si2nal 
- -
0.049 
-
- -
0.123 I 
0.008 0.007 0.134 1.2 
0.031 -0.013 0.328 2.8 
0.084 0.003 0.607 3.3 
0.079 0.026 1.593 6.7 
0.143 0.057 2.762 10.1 
0.210 0.107 3.947 13.5 
0.310 0.145 5.337 16.9 
2.150 1.226 44.83 108.0 
0.0061 0.009 0.0049 1.09 
0.019 0.027 0.0149 3.28 
6 x 10-' 6 x 10-' 4 x 10·' 2 x 10"' 
LOD for Rhodamine 800 using various 
photodiodes in the constructed detection systems. 
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10 
• 
u..: 0.1 
0.01 
0.001 +-----,~---~----~----~ 
0.001 0.01 0.1 
[RBOO]/~M 
Response plot for R800 for BPW21 photodiode detection 
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10 
u: 0.1 
0.01 
O.OOl+------------.------------~----------~ 
0.01 0.1 10 
[R800juM 
Fig 3.4. Response plot for R800 utilising General purpose photodiode. 
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100 
• 
10 
0.1 
0.Q1 +---~---~--~---~--~ 
0.0001 0.001 0.01 0.1 10 
[RBOO) uM 
Fig 3.5. Response plot for R800 utilising medium area photodiode 
101 
Chapter Three 
1000 
100 • 
10 
0.1 
0.Q1 +---~---~--~~--~------. 
0.0001 0.001 0.01 0.1 10 
[RBOOJI~M 
Fig 3.6. Response plot using spectroflurometric detection. 
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3.3.2.2. Nile Red Limit of Detection. 
The photodiode which imparts the greatest sensitivity to the detection system 
was utilised in conjunction with a green LED to obtain a limit of detection for 
Nile red in acetonitrile. The LED used was the 590-496 'ultra bright' green (RS 
components) and the filter was the RG610 sharp cut-off filter (Melles Griot). The 
data used to generate the curve is shown in table 3.3, and illustrated in fig 3.7 
This gives a limit of detection (with the deficiencies stated previously applying) 
in the region of 0.5 nM for Nile red in acetonitrile 
Of the photodiodes utilised, the medium area photodiode produces the lowest 
limit of detection. This is predictable because of the simple optical arrangement 
being employed to effect the fluorescence radiation. 
As no collimation optics are employed the larger the active area of the 
photo diode employed, the greater will be the radiation detected. The medium 
area photodiode allows maximum radiation to impinge upon the active area of 
the detector, hence lower levels of radiation intensity generated by the excited 
fluorophore can be distinguished from the detector noise than is the case for the 
other two photodiodes used, both having smaller active area. 
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[Nile red]/JiM Signal/mV 
1.0 x 10"' 0.021 
5.0 x 10"' 0.029 
1.0 x 10.3 0.037 
5.0 x lO. j 0.067 
1.0 x IOcl 0.112 
5.0 x 10'" 0.464 
0.1 0.898 
1.0 7.85 
SD Blank = 0.0077 
3 x SD blank = 0.023 
L.O.D. 
Table 3.3. 
= 5 X 10-4 
Nile red concentration against signal produced to provide the limit 
of detection. 
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10 
• 
• 
0.1 • 
• 
.. 
• 
0.Q1 .J-----~-----~----~~----~ 
Fig 3.7. 
0.0001 0.001 0.01 
[Nile RedJ ~M 
0.1 
Response plot - Medium area diode detection system for 
Nile red. 
The limit of detection for each system is determined by taking the standard 
deviation of the blank associated with each reading (as described), and 
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interpolation the concentration corresponding to this 3 times standard deviation 
figure for the curve generated (i.e. the 3 times standard deviation divided by the 
gradient is the limit of detection). The lines are generated by the least squares 
method. 
The limit of detection achieved employing the medium area photodiode as 
detector compares favourably with that achieved using the SRF 
spectrophotometer. The LED based system has the considerable disadvantage of 
being unable to excite the Rhodamine 800 at its optimal value (red LED peak 
emission over 30nm lower than Rhodamine 800 peak excitation), or to detect the 
optimal fluorescence emission of the fluorophore ( at 71Onm, the cut-off filter 
transmits only 50% of excited radiation). 
Despite these deficiencies, the LED system compares favourably with the 
spectrofluorimeter due to the fact that in both instruments, the limit of detection 
is predominantly determined by the noise carried in the blank signal. In the LED 
based system the blank signal will mainly consist of scatter due to the LED 
emission. Even though this signal will be relatively large (due to the 
aforementioned optical compromises discussed), the noise carried by the signal 
will be very small and therefore the detrimental effect on the detection limit will 
be minimised. 
The spectrofluorimeter blank signal will have relatively small scatter component 
due to the selection of small fluorescent bandwidth and employment of double 
monochromators, but this small signal will have a relatively high noise 
component. 
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The low noise and excellent stability of the solid-state components in comparison 
to the xenon-arc/ photomultiplier tube spectrofluorimeter system results in 
comparable performance despite the LED systems other deficiencies. 
3.3.2.3 Introduction of On-Line Capability 
To adapt the solid state fluorimeter in order to detect fluorescence in a flowing 
stream a flow cell was constructed which could be readily accommodated by the 
apparatus used for the static/cuvette based experiments. The arrangement was a 
silica tube (internal diameter = Imm, external diameter = 3mm) in an 'L' shaped 
formation which was housed in a blackened aluminium block (fig 3.8). 
This arrangement allowed the cuvette holder in the instrument to be utilised by 
inserting the block/flow cell arrangement directly into the holder. 
Into the block were machined three slots of20mm x 3mm,: 
a. To allow incident light from the source to hit the flowing stream, therefore 
access to the sample. 
b. To allow fluorescence light from the source from the sample to reach the 
detector. 
c. To reduce scattered light problems by allowing its passage away from an area 
where the fluorescence measurement is made. 
The block also contained an additional slot to accommodate the bend in the tube, 
to enable it to sit reproducibility in the sample holder. 
107 
Chapter Three 
This flow arrangement was initially incorporated in a simple manifold shown in 
fig 3.9 
Outlet 
r i 
41mm 20mm 
3mm 
Fig 3.8 Representation of flow cell holder 
After initial studies proving Nile red fluoresence could be detected by this 
flowing system, the performance of three different green LEDs as light sources 
for the fluorimeter was assessed. These were: 
A - Green "everlight" (HB electronics EL333VGT). 
B - Green L200CPG66 (DCL components). 
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C - Green ultrabright (RS 590-496). 
50 ilL 
/1\ D ~ 
"-.l) Waste 
Injection valve Detector 
Pump 
Fig 3.9 Simple Flow Injection Manifold Used in FIA LOD Detn. 
With each LED installed in the instrument, Nile red in acetonitrile at varying 
concentrations was presented to the flow cell using the simple manifold 
illustrated. (fig 3.9). 
This system had a dispersion of 1.6 and the concentrations are adjusted 
accordingly. All measurements were made in triplicate. 
The calibration graphs utilising the three LEDs were generated using the data 
shown in table 3.4, and are illustrated in Figs 3.10-3.12 
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Fluorescence Intensity 
[Nile Red)/ptM LED A LEDD LEDC 
0.16 - 4.8 4 
0.31 - 7.2 5.3 
0.63 1.7 15.3 11.2 
3.13 4.5 50.7 37.2 
6.25 9.7 104 80.5 
12.5 17 209.3 203 
31.25 51.8 510.7 523 
62.5 80.5 946.7 778 
3 x SD of Blank 3.6 4.7 4.9 
LODIIlM 2.0 0.2 0.3 
Table.3.4. Limit of detection data for Nile red in a flowing stream using 
three different LEDs as excitation source in the fluorimeter 
constructed. 
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100 
10 
0.11------~------~------~-----~ 
0.01 0.1 1 10 100 
[NIe red] I'M 
Fig 3. 8.Response plot for Nile Red - LED A based detection system 
1000 
100 
u.: 
10 
1+---------~----------_,----------_r--------__, 
0.01 0.1 1 10 100 
[Nile RedllJM 
Fig 3.9. Response plot for Nile Red - LED B based detection system 
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1000 
100 
• 
10 
• 
0.01 0.1 10 
[Nile Red[ ~M 
Fig 3.10. Response plot produced by C-LED for Nile Red 
The limit of detection for LED B and C are both sub I!m. The limit of detection 
produced by the different sources is dependent upon the LED intensity, pattern of 
emission produced (viewing angle), and spectral output of the LEDs used, A has 
the lowest intensity explaining its relatively poor performance. Although C has 
the greatest intensity (twice that of B), the viewing angle in B is significantly 
smaller making it more efficient and producing less scatter. The specifications 
for the LEDs used are shown in Chapter 2. 
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CHAPTER FOUR 
13- LACTOGLOBULIN ASSAY DEVELOPMENT. 
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4. Development of assay for j3 -lactoglobulin 
4.1 Solvatochromism of Nile Red 
The solvatochromic properties of Nile red which are fundamental to its use in an 
assay for j3-Iactoglobulin can be illustrated if the fluorescent properties ofa 
standard concentration of the dye in a range of solvents of varying polarity are 
studied. 
A 2J..1M solution of Nile red in various solvents was studied using the Perkin 
Elmer MPF 44B spectrofluorimeter with a gain setting ofx 0.1 and slit widths of 
5nm are shown in table 4.1 
Et(J.) EX loMAX (om) EM loMAX (om) F.I. 
Water 63.1 585 665 lA 
Methanol 55.1 550 641 5.1 
Ethanol 51.9 547 634 6.2 
Acetonitrile 46.0 530 620 9.8 
Acetone 42.2 526 616 12.5 
Table 4.1. The fluorescent properties of Nile red in solvents of varying polarity. 
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The relationship between the wavelength of maximum emission/excitation and 
the polarity of the molecular environment is illustrated in Figure 4.1 along with 
the trend in fluorescence intensity of emission maximum. 
700 
650 
Figure 4.1. The fluorescent properties of Nile red in solvents of varying polarity. 
The pronounced solvatochromic effects exhibited by this molecule are compared 
with those of rhodamine 800, the molecule which was used extensively in 
chapter three to evaluate the filter fluorimeter constructed. 
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The experimental parameters employed are as per the equivalent Nile red 
experiment. 
The results of the study into the fluorescent properties of Rhodamine 800 in 
various solvents are shown in table 4.2. 
Et(30) EXA.MAX EMA.MAX F.I. 
(nm) (nm) 
Water 63.1 715 690 2.3 
Methanol 55.5 705 684 15.8 
Acetonitrile 46.0 709 689 16.7 
Acetone 42.2 708 690 16.6 
Diethyl ether 34.6 697 679 7.5 
Table 4.2. The fluorescent properties of Rhodamine 800 in solvents of 
varying polarity. 
The relationship between wavelength of maximum emission/excitation and the 
polarity of the molecular environment of rhodamine 800 is illustrated in figure 
4.2. 
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Solvent Polarities (Et) 
Fig 4.2. The fluorescent properties of Rhodamine 800 in solvents of 
varying polarities 
The parameter used as a measure of solvent strength is Reichardt's Et(30) scale of 
solvent polarity (115). This parameter is an established expression for solvent 
strength and has been used to predict the performances of modifying species in 
supercritical fluid chromatography (116). 
The expression 'Et(30)' is based on the absorption maximum shift of a pyridinum 
betain dye and has units kcallmol as it is the transition energy band calculated 
from the wavelength of maximum absorption. 
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Other possible expressions for polarity of solvents that could be utilised include 
Kosower's index of polarity (117) and dielectric constant. 
Kosower's index, also being based on dye behaviour, also indicates good 
correlation with Nile red's spectral behaviour and polarity. 
Clearly one would expect the spectral behaviour of Nile red to correlate well 
with solvent polarity expressions based on the spectral behaviour of other 
solvatochromic dyes, however the general trend of increasing 
emission/excitation, decreasing fluorescence intensity with increasing polarity 
still holds when dielectric constant is used to express solvent polarity. 
The profound effect that polarity of molecular environment has on the 
fluorescent properties of Nile red can be accounted for in terms of a process 
whereby the molecule undergoes twisted intramolecular charge transfer (TICT) 
(118). 
According to the TICT model, on electronic excitation, the molecule initially 
forms a moderately non-polar state with a geometry similar to that in the ground 
state. The transfer of an electron from an electron donor to an electron acceptor 
group, results in a twisted configuration ofthe molecule, in which the donor and 
acceptor molecules are orientated almost perpendicular to each other. Such a 
twist usually results in the lowering of the activation, which decreases linearly 
with increasing polarity of the solvent (119). 
118 
Chapter Four 
The small electron donor group of Nile red (diethylamine moiety) is connected 
directly to the rigid aromatic electron withdrawing system by a single (sigma) 
bond. Free rotation about this bond is possible, making it possible that TIeT can 
cause large shifts in fluorescent properties dependent upon the polarity of the 
molecular environment (120). 
The TIeT effect is more pronounced in media of greater polarity, therefore the 
activation barrier effectively decreases as solvent polarity increases, leading to a 
shift of spectral properties toward the lower energy (higher wavelength) end of 
the spectrum. 
The fluorescence quantum yield also decreases with increasing solvent polarity 
(when compared to rhodamine 60 in ethanol) (121) and therefore with increasing 
TIeT effects. 
This is a characteristic of the TIeT process with respect to radiative 
phenomenon. 
When theoretical modelling results are applied to the ground and excited states of 
Nile red in solvents of varying polarity, calculations do suggest the presence ofa 
TIeT state at higher solvent polarity (121). This is further suggested by 
calculations based on the effect of ganuna and beta cyclodextrins on the singlet 
excited state of Nile Red (122). 
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4.2 Nile Red in Aqueous Media 
Nile red is only very sparingly soluble in water. In subsequent experiments a Nile 
red stock solution was prepared in dimethyl sulfoxide, which was stored at -
20°C. When stored in this state the dye is stable for a period of several months 
(123). 
The fluorescent properties of Nile red when solvated in aqueous buffer were 
studied with respect to the time that the dye was solvated. 
A 10J..lM Nile red solution was dissolved in a 2- (N-morpholine) ethane sulfonic 
acid (MES) buffer at pH 6.9. 
The MPF 44 spectrofluorimeter was used (slits 5nm, gain x I, excitation 
wavelength 550mm, temperature 25°C), and the fluorescent emission was 
monitored over a period of 120 minutes. The results are shown in table 4.3. 
The decrease of fluorescence intensity of aqueous Nile red is illustrated in figure 
4.3. 
To prove that the decrease being observed was not due to the prolonged exposure 
to the exciting light source causing the fluorophore to photodecompose, the 
following experiment was performed. 
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Time (min) EM AMAX(nm) F.I. 
5 668 218 
7.5 666 150 
10 663 56 
12.5 663 40 
15 663 34 
17.5 663 32 
20 663 34 
25 665 29 
30 663 27 
40 662 27 
50 662 25 
60 663 27 
120 662 20 
Table 4.3. Nile Red fluorescence behaviour in aqueous buffer. 
250 
200 
ISO 
~ lOO 
SO 
0 
0 20 40 60 80 100 120 
Time (min) 
Fig 4.3. Decrease of Nile Red fluorescence intensity in aqueous 
buffer 
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Nile Red solutions (lI!M in MES buffer 6.9) were made and their fluorescence 
properties measured (as previously) over a period of 60 minutes. The three 
solutions were stored in different conditions between fluorescent measurements, 
ie one exposed to daylight, one remained exposed to the exciting light source, 
and one having all light excluded. The results are presented in Table 4.4. 
Table 4.4. 
Daylight Light Source Dark 
Time 1..EMMAX F.1. 1..EMMAX F.I. 1.. EM MAX 
after 
solvation 
3 658 152 658 168 658 
10 658 70 658 90 657 
20 658 46 658 50 657 
30 658 39 657 41 657 
40 658 37 658 37 657 
50 658 36 658 35 657 
60 658 37 657 34 656 
Fluorescence properties of aqueous Nile Red when exposed to 
various ambient light conditions (time in mins). 
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__ Daylight 
___ Light source 
__ Dark 
0 10 20 30 40 50 60 70 
Time (min) 
Fluorescence properties of aqueous Nile Red when exposed to 
various ambient light conditions. 
The decrease in the intensity of Nile red fluorescence when exposed to differing 
light conditions is shown in Figure 4.4. 
The decrease in the fluorescence intensity of Nile red in this aqueous buffer is a 
profound effect. The fluorescence effectively has a half-life of around eight 
minutes with respect to the initial measurements made. 
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This effect is no less pronounced when over a period of 60 minutes, the solution 
is exposed to incident light only during the 10 seconds which it takes to make 
each fluorescence measurement. 
We can therefore conclude that photodecomposition is not a major factor in this 
quenching effect, rather it is due to in Nile red's virtual insolubility in water. As 
a result of its relative insolubility, the dye sorbs onto its means of containment, 
be it glass, plastic or silica (123) and it has a tendency to agglomorate (124). 
Once sorbed or agglomorated the dye effectively becomes non-fluorescent. 
Nile red on introduction to the aqueous buffer will be stabilised initially by the 
dimethyl sulfoxide in which it was stored. The initial fluorescence intensity starts 
to decrease immediately the dye molecule is introduced to the aqueous solution, 
dimethyl sulphoxide molecules being replaced by water molecules. The sorption 
and agglomoration processess then effectively reduce the concentration of 
fluorophore in solution, hence causing the decrease in fluorescence intensity 
observed. 
The fluorescence of Nile red can be stabilised by the presence of a detergent 
(125), Triton X-lOO which stabilises the dye in aqueous solutions and so 
decreases agglomoration and sorption onto the cuvette. 
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4.3 Nile Red! (3-lactoglobulin complexation 
The experiment expressed in Table 4.3. and Figure 4.3. was repeated in the 
presence of50Jlm (3-lactoglobulin «(3-1 g). Experimental parameters being MES 
buffer pH 6.9, temperature 25°C, 10JlM Nile red, slits 2nrn, gain x 0.1. 
Nile red was added to the protein solution and the fluorescence properties of the 
Nile red were observed over a period of 120 minutes. 
The results are shown in Table 4.5. 
Time (mins) EM Max(nm) 
2.5 628 
5 627 
7.5 614 
10 615 
12.5 615 
15 615 
22.5 614 
25 615 
27.5 613 
30 615 
35 615 
40 615 
45 615 
50 615 
60 618 
80 613 
100 615 
no 615 
Table 4.5. Nile Red fluorescence behaviour in the presence of (3-
lactoglobulin 
125 
F.I. 
186 
189 
193 
196 
191 
186 
178 
174 
172 
167 
159 
151 
144 
136 
126 
119 
115 
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The change in fluorescence properties of Nile red in the presence of 13-lg with 
respect to the time after Nile red solvated are illustrated in Figure 4.5. 
220 
200 
180 
'"' 160 ~
140 
120 
lOO 
0 20 40 60 80 tOO 120 
Time (min) 
Fig 4.5. Nile Red fluorescence behaviour (with respect to time after 
solvation) in the presence of l3-lactoglobulin. 
The presence of the protein clearly has a profound effect on the fluorescence 
properties of Nile red. The increase in fluorescence intensity coupled with the 
126 
Fig 4.6. Nile Red's fluorescent emission with and without J3-lactoglobulin 
(higher intensity in the presence of protein). 
shift in emission is illustrated in Figure 4.6., where the emission spectrum of 
II!M Nile red is shown in MES buffer with and without the presence of 1 mg/ml 
of J3-lg (123). 
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Fig 4.7. 
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Variation of fluorescence properties associated with Nile Red 
fluorescence maximum in increasing concentrations ofB-
lactoglobulin. 
The relationship between the fluorescence properties of Nile red and the 
concentration of ~-lg present in the aqueous system was studied (fig. 4.7). Nile 
12 
red (1/lM) fluorescence spectrum in MES buffer 6.9 was taken in the presence of 
of varying concentrations of~-lg. The measurements were made three minutes 
after mixing. 
The Nile red: ~-lg emission spectrum is broad with a significant shoulder at a 
higher wavelength than the peak emission. The variations in emission 
wavelength and emission intensity at the maximum (table 4.6.) and at the 
shoulder (table 4.7.) are shown. 
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Ill-lactoglobulin] (,.M) A. (nm) F.I. 
Table 4.6. 
0.5 607 6 
0.75 607 12.2 
1 607 13.5 
1.5 6\0 17.9 
2 610 23.4 
3 612 42.3 
5 608 74.9 
7.5 608 121.5 
10 608 166.4 
Variation of fluorescence properties associated with Nile Red 
fluorescence maximum in increasing concentrations of p-
lactoglobulin. 
Ill-lactoglobulin] (,.M) A. (om) F.I. 
Table 4.7. 
0.5 652 16.2 
0.75 652 18.8 
1 653 20.0 
1.5 650 23.1 
2 654 27.4 
3 649 38.8 
5 648 55.4 
7.5 649 73.6 
10 649 88.8 
Variation of fluorescence properties associated with Nile Red 
fluorescence shoulder in increasing concentrations of 13-
lactoglobulin. 
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The increasing fluorescence intensity with increasing concentrations of protein is 
illustrated in fig 4.7. 
The ability of Nile red to interact with hydrophobic species in aqueous media has 
been documented. Examples have been published of its interaction with proteins 
(123,55,126), lipids (55,56,57) and pesticides (62), in ways which affect the 
fluorescence of the dye. 
The nature of Nile red binding to proteins is effectively an interaction between a 
biological macromolecule, and a small hydrophobic molecule. Due to the 
hydrophobic nature of Nile red, the major attractive force acting between it and 
the protein is likely to be hydrophobic bonding (127). 
This is defmed as the tendency of non-polar molecules (especially hydrocarbons) 
to cluster together in aqueous solution. The basis of the interaction is the entropy 
gain that results from increased freedom of water molecules not involved in the 
solvation process, and the lower energy environment of the hydrophobic species 
when together. Other non-covalent interactions will also be involved including 
Van de Waals and hydrogen bonding. 
The basis of the binding of hydrophobic species to proteins depends upon how 
the atoms of the molecules, and their resultant interatomic forces are arranged in 
space. As these forces are significant at only relatively short distances - favoured 
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binding sites result from both the amino acids present at a particular site on the 
protein and the geometry of that site caused by the proteins three-dimensional 
conformation. 
The sensitivity of Nile red to the polarity of its molecular environment has 
already been discussed. The facts that Nile red fluorescence shows an increase in 
intensity and a blue-shift are consistent with Nile red existing in less polar 
environment i.e. from being solvated by water molecules, to being bound to a 
protein. 
The broadening of the fluorescence emission suggests that Nile red exists in 
more than one molecular environment when associated with the protein, the 
shoulder on the Nile red fluorescence suggesting a second, less hydrophobic 
binding site than that responsible for the mo lecular environment that results in a 
more significant peak. 
The increased stability of Nile red fluorescence when protein-bound with respect 
to time is consistent with a more water soluble species, reducing sorption and 
agglomoration. 
The fact that the increase in Nile red fluorescence intensity is proportional to the 
concentration ofthe protein in solution, suggest that this phenomenon could be 
exploited to develop an assay for aqueous p-lactogobulin. 
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4.4 Developing an assay for 13-lactoglobulin using the filter fluorimeter. 
The filter fluorimeter described in chapter three was used to develop an assay for 
p-Iactoglobulin by monitoring Nile red fluorescence when associated with the 
protein. In all of the experiments described here the optical components that were 
utilised in the filter fluorimeter were: 
Light source: 
Green "ultra-bright" LED (RS 590 - 496) 
Emission filter: 
Milles Griot RG610 sharp cut-off filter 
Detector: 
"Medium area" photodiode (RS 651 - 991) 
Sample container: 
I cm path length silica cuvette (static measurments only). 
As a preliminary study into the feasibilty of utilising the fluorimeter constructed 
to monitor fluorescence due to the bound Nile red, 51!M Nile red was mixed with 
0, 5 and 10l!M 13-lactoglobulin and the diode response monitored with respect to 
time. 
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The results are illustrated in figure 4.8. 
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Fig 4.8. Initial filter fluorimeter observations, Nile red fluorescence 
variation with respect to time after solvation in three 
concentrations of protein (legend) 
This initial experiment clearly shows that the filter fluorimeter is capable of 
detecting the enhancement effect that the protein has on the fluorescence of Nile 
red, also it is capable of clearly distinguishing between the increasing levels of 
fluorescence enhancement which results from increasing concentrations of the 
protein. 
Having illustrated the potential of the system, the range of protein concentrations 
was increased. 
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Protein concentrations from 0 to SOJ.lM were studied using SOJ.lM Nile red and 
the fluorescence emission with respect to time after mixing was monitored using 
the SFR spectrofluorimeter and the filter fluorimeter. 
The results using the spectrofluorimeter (excitation wavelength SSOmm, slits 
Snm) are shown in figure 4.9. 
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Fig 4.9. The effects of increasing concentration of~-lactoglobulin (legend) 
on fluorescence intensity of Nile red (spectrofluorimetric detn.) 
The results using the filter fluorimeter to monitor the fluorescence of the dye 
protein complex are shown in Figure 4.10. 
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The response of the filter fluorimeter to varying concentrations of 
13-lactoglobulin (legend), and SOJlM Nile red. 
The filter fluorimeter output compares with the spectrofluorimeter output in that 
both show the fluorescence intensity varying with time for each protein 
concentration (an effect already covered previously), illustrating that the time 
dependence is a real phenomenon and not an instrumental effect. The slight 
differences in the way the fluorescence intensity varies with respect to time 
between instruments can be accounted for by the fact that peak fluorescence 
intensity was being monitored with the spectrofluorimeter, whereas the filter 
fluorimeter measures all fluorescence not absorbed by the cut-off filter. This 
means that any wavelength changes with time will affect the filter fluorimeter 
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more profotmdly than it does the reading taken from the peak fluorescence output 
ofthe spectrofluorimeter. 
The results do however illustrate the feasibility of using this system allied with 
the filter fluorimeter to assay for ~-lg. If the time after the complex was formed 
is considered, at any given time the fluorescence intensity clearly increases as the 
protein concentration increases. 
This can be illustrated by the generation of calibration curves based on the 
fluorescent output given by the filter fluorimeter at 10,20 and 30 minutes after 
the complex was formed (fig 4.11) 
Having established that the variation with time of the fluorescent properties of 
the dye/protein complex was a real effect, the reproducibility of the system was 
studied. 
The Nile Red concentration was kept at SOI-lM, while three different 
concentrations of the protein were used (1 OI-lM, 17.SI-lM and 2SI-lM). 
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Fig 4.11 The generation of calibration curves based on the fluorescent 
output given by the filter fluorimeter at 10,20 and 30 minutes after 
the complex was formed. 
The filter fluorimeter was used to measure the fluorescence with respect to the 
time after the complex was formed, for three different concentrations of protein. 
Each experiment was repeated four times and the variation for each 
concentration is shown in figures fig 4.12-4.14 
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Variation of fluorescence intensity with time using lOIlM 
proteinl50llM Nile red (measured on filter fluorimeter). 
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Variation of fluorescence intensity with time using 17.5IlM 
proteinl50llM Nile red (measured on filter fluorimeter). 
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Variation of fluorescence intensity with time using 25flM 
proteinl50flM Nile red (measured on filter fluorimeter). 
50 
It is clear that the variation ofthe fluorescence due to the complex, and measured 
on the filter fluorimeter (and the spectrofluorimeter) is unpredictable and non-
reproducible. 
The large errors are clearly a problem when considering this system for a protein 
assay. The average results, however do show increasing fluorescence with 
increasing protein concentrations suggesting improved reproducibility could still 
lead to an acceptable assay being developed. 
From the previous experiments a possible trend emerged whereby the longer the 
protein has been in solution, the quicker it tended to reach its point of maximum 
fluorescence. To explore further, protein which had been dissolved for one and 
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five hours (251lM 13-lg) was mixed with 50llm Nile red. The fluorescence was 
monitored with respect to time after complex formation using the filter 
fluorimeter and also using the LS-50 spectrofluorimeter. The filter fluorimeter 
output is shown in figure 4.15 
Fig 4.15. 
1-:-1mr I 
____ 5h:xrs 
10 20 30 40 50 
"!re (rrin) 
Variation of fluorescence intensity with time using 251lM 13-
lactoglobulin! 50llM Nile red showing fluorescence when using 
protein solvated for 1 hour and 5 hours. (legend) 
The results when the fluorescence was studied using the spectrofluorimeter are 
shown in table 4.8. (1 hour after complex formation) and table 4.9 (5 hours after 
complex formation). 
140 
Chapter Four 
Time after Mixing Max. Fluorescent Relative Fluorescence 
7 
35 
60 
Table 4.8. 
Wavelength (nm) Intensity 
613 92 
607 68 
605 59 
Details of emission spectra variation with time after mixing (using 
protein solvated for I hour.(spectrofluorimeter meas.) 
Time after Mixing Max. Fluorescent Relative Fluorescence 
Table 4.9. 
Wavelength (nm) Intensity 
7 619 66 
35 605 86 
60 607 72 
Details of emission spectra variation with time after mixing (using 
protein solvated for 5 hours.(spectrofluorimeter meas.) 
From this we can see that the suggested phenomenon of the time taken to reach 
peak fluorescence being dependent upon the time the protein is solvated is in fact 
not the case. 
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The trend in fluorescence intensity variation for the two samples is mirrored by 
the spectrofluorimeter results, which also illustrates the variations in maximum 
emission wavelength. These wavelength changes, lying in the region of the 
spectrum where the emission filter transmission properties vary steeply will be a 
major contributor to variances in fluorescence detected by the filter fluorimeter. 
In order to observe if irreproducibility is improved at higher pH, an appropriate 
buffer was utilised (i.e. MES buffer at 8.75 compared to 6.9). The fact that pH 
could be a factor is described in chapter one, the protein conformation varying 
significantly in this pH region. 
To study if this was a factor 50llM Nile Red and 251lM ~-Iactoglobulin were 
mixed and the fluorescence intensity of the complex measured over a period of 
55 minutes. This was repeated three times. These results are illustrated in Fig 
4.16, and poor reproducibility indicates that increasing the pH does not 
significantly improve the reproducibility 
MES buffer of pH 6.9 is retained in further experiments. 
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Fig 4.16. Illustration of irreproducibility of the Dye: protein complex over a 
period of time. using pH 8.75 buffer 
The conclusions that can be drawn from these static studies is that the 
prohibitively poor reproducibility is most likely an effect due to the process of 
mixing the dye and protein before the measurement can be made. Any slight 
variations at this stage will be critical due to the complex nature of the system 
involved. 
(Dye:protein complex fluorescence will be highly sensitive to any mixing non-
uniformity). The highly reproducible mixing that this system would require 
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would be best served by producing a flow injection system, where mixing and 
detection occur on-line, i.e. eliminating any irreproducibility, both in the 
mechanics of the mixing stage involved, and in the time after Nile red: 13-
lactoglobulin complexation that the species is presented to the detector. 
The employment offlow injection analysis also allows the exploitation of the 
other advantages inherent to the continuous stream method of analysis. These 
were covered more thoroughly in Chapter one, briefly they include: 
a) Simple system implying few moving parts. 
b) Cheap equipment providing reproducible results. 
c) Easily automated. 
d) A tool for continuous monitoring. 
e) Little operator input removing a source of error. 
4.4.3 On-Line Measurements 
4.4.3.1 Nile Red: J3-lg complex detection. 
The flow cell arrangement previously described was installed into the filter 
fluorimeter. The evaluation experiments for the incorporation of this flowing 
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system into the fluorimeter proved the ability to detect Nile red fluorescence 
when dissolved in acetonitrile. Here it will be utilised to monitor the fluorescence 
of the Nile red: j3-lg complex. 
To prove that the fluorescence of the dye: j3-lactogobulin complex could be 
detected on-line by this system a dye: j3-lg solution was mixed off-line and 
injected into a stream of buffer passing through the flow cell. 
A series of protein: dye solutions were prepared each maintaining the ratio of 
protein: dye constant at 2:1, but varying the concentration of this complex in 
buffer (MES pH 6.9). 
The Nile red was added via 50/50 methanoVwater solution to j3-lactoglobulin in 
buffer solution, and after 1 minute and 20 volumetric inversions the complex was 
injected into the buffer stream. As the concentration of Nile red is obviously 
different in each solution, a protein blank containing only the equivalent 
concentration of Nile red in buffer was injected for each solution. 
The fluorescence ofthis aqueous Nile red solution will diminish quickly so the 
timing of the injection (l minute after dissolution) is critical. 
The results for three replicates of this experiment are shown in table 4.10 and 
illustrated in fig 4.17. 
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Fig 4.17. Using filter fluorimeter to monitor fluorescence of protein : Nile 
red complex (flowing stream) protein: Nile red = 2: 1. 
From this it can be concluded that the Nile red : ~-lactoglobulin fluorescence can 
be detected by this flow cell /fluorimeter combination. 
From the Nile red only blank, it is apparent that after one minute in buffer the 
fluorescence it produces is a relatively constant, small figure in comparison to 
that of the dye/protein complex. 
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lactoglobulin] [Nile Red](IIM) F.1. Blank after 1 With Protein S.D. 
(IIM) min (n=3) 
10 5 6 3 0 
16 8 4 6.3 0.6 
24 12 7.5 11.8 0.3 
30 15 5 16.3 0.6 
36 18 7 19.8 0.3 
44 22 7.5 24 1.0 
52 26 7.5 26.5 0.9 
Table 4.10. Results produced using the filter fluorimeter monitoring the 
fluorescence of a Nile red:Protein complex in a flowing stream. 
In order to show a viable method for the analysis of 13-lactoglobulin could be 
achieved based on this system, a series of solutions whereby Nile red 
concentration was constant but 13-lg concentration varied were presented to the 
detector in the same manner as that when generating fig 4.17 .. 
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Nile red concentration was maintained at SOJ.1M and ~-lactoglobulin 
concentration varied from 0 to 70J.1M. Results shown in table 4.10. 
30 
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Fig 4.18. 2 and 3 minutes after off-line mixing results used to generate a 
calibration curve for ~-lactoglobulin 
Taking the time after mixing at two and three minutes a calibration curve for the 
concentration of~-lactoglobulin in this system could be created (fig 4.18). 
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Time After Mixing (min) 
[Lactoglobulin I 2 3 4 
](!1M) 
5 10.5 11.0 10.5 10 
10 12.5 12.5 12.5 11 
15 13.5 15.0 15 13 
30 19.5 19 20 17 
50 25 22 23.5 22.5 
70 28 26 27 22 
0, 10 5 5 5 
0, 10.5 6 6 5 
0, 10.5 5.5 5.5 5 
0,,,, 10.3 5.5 5.5 5 
Table 4.13. A comparison of the varying protein concentration effect with 
varying off-line mixing time. using filter fluorimeter 
5 
7 
12 
13.5 
18 
20 
24.5 
5 
5 
5 
5 
This suggests that potential exists for a viable assay of ~- lactoglobulin using this 
system. 
149 
Chapter Four 
The ability ofthe instrument to measure the fluorescence due to Nile red when 
bound to ~-lg in a flowing stream has been proven, as has the capability to detect 
increasing levels of fluorescence due solely to increasing protein concentrations. 
4.4.3.2 On-line Complex Formation 
The main driving force towards presenting the Nile red/protein complex to the 
detection system by means of a flowing stream was to achieve a very 
reproducible mixing system of the two species, a situation thought to be critical if 
a viable assay is to result. 
Initial experiments were based upon presenting Nile red to the buffer from a 
50/50 methanoVwater mixture for increased stability and therefore simplifying 
the preparation process. 
The behaviour of Nile red in this water water/methanol mixture was studied over 
three hours. During this period Nile Red fluorescence decreased by only 4%. 
Initially a manifold containing two injection valves separated by a mixing coil 
was assessed for efficiency of mixing. The manifold used is illustrated in fig 
4.19. 
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Mixing coil 
Detector 
D Waste 
Injection valve Injection valve 
Pump 
Fig 4.19. Dual Injection valve F.I.A. System. 
Nile red was injected into the upstream injection valve (501-11) and a 1 metre 
mixing coil dispersed the sample (dispersion measured at 8.3). The protein was 
then injected into the stream via the second injection valve. 
An 831-1M Nile Red solution was injected into the buffer stream, followed by the 
injection of a 20l-lM protein solution timed to coincide with the dye plug. With 
the dispersion considered a 20l-lM protein was being presented to 10l-lM Nile 
Red. The injection of this complex directly into the detector produced more than 
twice the fluorescence produced by Nile red. When the two injection valve 
system was employed, no increase in fluorescence was observed. 
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To eliminate the timing element required when utilising two injection valves (in 
order to ensure the two plugs are co-incident), a reverse flow injection system 
was employed. 
This involved a stream of analyte (~-Ig) in buffer which has the analytical 
reagent (Nile red) introduced via an injection valve. 
A 50J.!M protein solution was employed and a 25J.!M Nile red in 50150 
Methanol/water was injected (50J.!M) into the stream. 
In all reverse FIA systems employed, the fluorescence observed when Nile red is 
injected into a buffer only stream was compared with that injected into a protein 
in buffer stream. 
An intimately mixed system should yield a 3-4 times fluorescence enhancement 
(dispersion dependent). 
Reverse FIA was employed. 
a. Without any dispersion element. 
b. With mixing-coils of 1 metre and 3 metres lengths. 
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c. With a single bead string reactor which consisted of 12cm ofO.8mm PTFE 
tubing containing a string of glass beads of O. 7mm diameter which effects 
efficient mixing without increasing dispersion significantly. 
d. With the b. and c. in combination with 'stopped-flow' technique whereby, 
after mixing the flowing stream was halted for periods of 1, 2 and 3 minutes. 
In all of the above cases, the fluorescence observed when Nile red was injected 
into proteinlbuffer stream produced no greater fluorescence than that obtained 
when the dye was injected into a buffer only stream. 
4.4.3.3 Merging Zone System 
In order to effect efficient mixing a merging zone FIA system was employed. 
Manifold used is shown in fig 4.20 
The above system should produce intimate mixing of a Nile red plug with the ~­
lactoglobulin stream. 
Initially, 50~M ~-Iactoglobulin in buffer stream was merged with a buffer 
stream into which was injected 50~1 of25~M Nile Red in methanol/water 
(50/50). The resultant signal when compared with that obtained when stream A 
contained only buffer produced a signal which was 28% greater in the presence 
of ~-Iactoglobulin 
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Detector 
Waste 
Buffer Injection of Nile red 
Fig 4.20 Merging Zone FIA System Employed. 
This increase, while indicating the mixing/enhancement process present, was 
deemed inadequate due to the high blank value attributable to the Nile 
red/methanol/water mixture (the nature of these effects being discussed in 
Chapter 3). 
To lower this blank value, Nile red was injected from a buffer solution, injection 
being carried out after dissolution. The result was a lower blank (i.e. when there 
was no protein in stream A) and higher signal when stream A contained 50llM 
protein, such that the increase from 0-50IlM 13-lactoglobulin was 120%. 
The reproducibility of this method and its potential for producing a calibration 
curve for determining 13-lactoglobulin were studied. 
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A series of solutions of differing P-lactoglobulin concentrations were used as 
streams into which were merged a buffer solution which had been injected with 
50J..ll of25J..lM Nile red in buffer. This injection took place 1,2 or 3 minutes after 
the dye (from a 2mM DMSO solution) was mixed with that buffer. The results 
for each timing were carried out in triplicate. The same protocol was observed 
using 15J..lM and 35J..lM Nile Red solutions. The results are shown in tables 4.14., 
4.15. and 4.16. and are illustrated in figs 4.21., 4.22. and 4.23. 
Time After Mixing (min) 
[lactoglobulin I (pM) I 2 3 
0 8.5 7.2 6.0 
10 10.7 9.3 7.8 
20 13 12 \0.8 
30 16.3 14 12.2 
40 17.5 13.7 8.7 
50 19.3 16.2 11.8 
60 21.3 18.3 14.0 
70 22.9 21.2 18.2 
Table 4.14. 25JlM Nile Red in Buffer injected into a buffer stream 1, 2or3 
minutes after Nile Red/DMSO solution was mixed with buffer. 
Nile Red stream then merged with protein in buffer stream 
(various concentrations). 
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Time After Mixing (min) 
[lactoglobulin I (flM) 1 2 3 
0 S.1 S.2 S.2 
10 7.4 6.1 4.6 
20 9.S 8.7 8 
30 11.4 9.7 7.3 
40 11.2 9.7 8.4 
SO 13.3 11.7 10.1 
60 IS. I 13.3 11 
70 14.8 13.6 11.2 
Table 4.15. 15J..1M Nile Red in Buffer injected into a buffer stream I, 2 or 3 
minutes after Nile Red/DMSO solution was mixed with buffer. 
Nile Red stream then merged with protein in buffer stream 
(various concentrations). 
Time After Mixing (min) 
[Iactoglobulinl (pM) 1 2 3 
0 9.3 8.8 8.0 
10 13.1 12.S 10.3 
20 13.9 12.6 11.8 
30 17.2 IS.5 12.8 
40 16.1 14.8 13.4 
SO 18.3 16.8 IS.2 
60 20.6 19.2 17.4 
70 26.7 23.6 19.6 
.. Table 4.16. 35J..1M Nile Red m Buffer mjected mto a buffer stream 1,2 or 3 
minutes after Nile Red/DMSO solution was mixed with buffer. 
Nile Red stream then merged with protein in buffer stream 
(various concentrations). 
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--1 min --2min --3min 
20 30 40 50 60 70 80 [lactoglobulin]CIIM) 
Illustration of results when 151lM Nile Red in Buffer injected into 
a buffer stream 1, 2 or 3 minutes after Nile Red/DMSO solution 
was mixed with buffer. Nile Red stream then merged with protein 
in buffer stream (various concentrations). 
__ 1 min 
--2min __ 3min 
20 30 40 50 60 70 80 
[Jactoglobulin](!JM) 
Illustration of results when 251lM Nile Red in Buffer injected into a 
buffer stream 1, 2 or 3 minutes after Nile Red/DMSO solution was 
mixed with buffer. Nile Red stream then merged with protein in 
buffer stream (various concentrations). 
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-+-1 min ---2min __ 3min 
20 30 40 50 60 70 80 [lactoglobulinJ(J.lM) 
Illustration of results when 35JlM Nile Red in Buffer injected into 
a buffer stream I, 2 or 3 minutes after Nile RedIDMSO solution 
was mixed with buffer. Nile Red stream then merged with protein 
in buffer stream (various concentrations). 
The relatively Iow fluorescence intensity produced using 15JlM Nile red, coupled 
with the deviation from linearity observed using 35JlM Nile Red (without any 
dramatic increase in fluorescence intensity), would indicate that 25!lM Nile red 
should be the concentration studied further. 
A calibration based on this merging zone system using 25JlM Nile red and a post 
mixing time of 1 minute is shown (fig 4.24.). 
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Calibration Curve for P-1actoglobulin in a Flowing Stream when 
merged with 25!lM Nile RedlBuffer Solution. (Nile Red Injected 
1 minute after Nile RedlDMSO Mixed with Buffer.) 
4.4.3.4 On-line injection of Nile RedIDMSO. 
To eliminate the requirement of mixing the Nile redIDMSO solution with buffer 
off-line and the subsequent timing stage involved, on-line mixing was introduced 
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in order to eliminate this as a source of irreproducibility. The manifold used is 
shown in fig 4.25. 
Fig 4.25. 
Buffer and protein 
Detector 
Buffer Mixing coil 
FIA manifold into which Nile Red in DMSO can be Injected 
Directly. 
Waste 
The dispersion of the mixing coil system was 4.45 so an 111.25JlM Nile Red and 
DMSO solution was prepared which will present a 25JlM concentration of Nile 
Red in buffer solution to the merging zone. 
The results obtained using this system are shown in fig 4.26. and table 4.17. 
(Experiment performed in triplicate.) 
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Fig 4.26. 13-lactoglobulin calibration when using merging zone with on-line 
Nile RedIDMSOlBuffer mixing. 
An expanded range of protein concentrations is used to include the concentration 
of 13-1actoglobulin in bovine milk whey. 
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[lactoglobulin I/("M) Average F.I. S.D. 
0 28.0 0.9 
25 32.0 1.7 
50 37.0 0 
75 42.5 2.3 
100 46.3 2.1 
125 51.2 1.0 
150 57.5 0.5 
175 60.5 1.3 
200 66.8 0.3 
Table 4.17. Results Illustrated in Fig 4.26 
The results suggest that this system incorporating the novel detection system 
could provide a viable system for the determination of p-lactoglobulin. 
The deficiencies and possible ways to improve this assay are discussed in chapter 
5. 
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CHAPTER FIVE 
CONCLUSIONS. 
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5.1. Fluorimeter Construction. 
The intention here was to construct an instrument capable of measuring the 
fluorescent emission of a fluorophore with a sensitivity that facilitates its 
employment as a viable fluorimeter. By carefully selecting the source, 
fluorophore and wavelength selection device, this has been achieved for two 
fluorophores of significantly different spectral properties. 
The stability was proven by careful and rigorous study of the blank value for 
every separate series of measurements carried out with the instrument. No signal 
drift was apparent in a time period that was significant compared to the duration 
of any given series of measurements. Variation in the blank signals were only 
significant when compared to the fluorescent signal at Iow levels of fluorophore 
(Le. when using the 'medium area' photodiode as detector, the limits of detection 
compare favourably with those of a factory produced spectrofluorimeter). 
By employing an optical arrangement that allowed the employment of the 
simplest optoeIectronic components, the sensitivity described was achieved 
without compromising the other secondary properties demanded of the 
instrument. 
The total cost of the optical components was less than £50. This Iow cost 
increases the practicality of dedicating the fluorimeter to one particular 
fluorophore. This makes it a viable proposition to design an instrument for each 
analyte of interest without major outlay (the fact that the performance of the 
instrument was shown for more than one fluorophore illustrates the flexibility of 
the system). 
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The compact and robust nature of the arrangement means that the instrument 
lends itself readily to portability. With minimal modification a portable power 
supply could be accommodated within the box rendering the instrument suitable 
for carrying out measurements while remote from a laboratory environment. 
The so lid state based detection system and the fact that the LEDs used (and other 
available) exist in the longer wavelength region of the spectrum means that the 
fluorimeter operates in the spectral region of interest here. 
This combination of properties: sensitivity, long wavelength operation, 
robustness, compactness and lack of expense have been successfully achieved. 
It would be difficult to significantly improve on any of the above quantities 
without compromising, to an extent, at least one of the others. 
The instrument was shown to function at viable sensitivity with a flow cell 
inserted in the sample area. Again the instrument proved electronically stable, 
good limits of detection being achieved despite the less favourable geometry that 
the flow cell system imparts. All the previously stated advantages ofFIA can be 
exploited by the fluorimeter utilising this arrangement. 
5.2. . Protein Assay. 
It was evident from the response of the detector to increasing concentrations of 
dye that a simple fluorophore in solvent assay could be readily 
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performed using the instrument constructed. In attempting to develop an assay 
for protein based upon the enhancement of Nile red when bound to that protein, a 
number of complications became apparent due to the complex nature of the 
process invo lved. 
The process was initially studied employing a conventional fluorimeter. The 
fluorescence due to the dye:protein complex was compared to that due to Nile 
red unbound (aqueous) fluorescence. The difference was marked: a significant 
fluorescence enhancement accompanied by a spectral shift and spectral 
broadening. The conventional fluorimeter was then employed to confrrm the 
potential for exploitation of this phenomenon in a protein assay, as a linear 
relationship between protein concentration and fluorescence intensity was 
observed. At this point, the instrument constructed was utilised, and it was shown 
that increasing concentrations of the dye:protein complex produced linearly 
increasing fluorescence signals. 
The properties of Nile red which render this assay viable also engender 
significant complications to the assay development process. The hydrophobic 
and solvatochrornic nature ofthe dye mean that upon dissolution of Nile red in 
aqueous media, its fluorescence properties begin to change. 
As the assay being carried out in aqueous buffer, this phenomenon proves 
critical. 
The dye is stored in dimethyl sulfoxide, the analytical measurement is carried out 
after dye association with protein has taken place. Intermediate between these 
two process the dye must be solvated in aqueous media and presented to the 
protein. 
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This intermediate stage is critical to the assay as Nile red's fluorescent properties 
will be undergoing change throughout. 
Using static measurements based on a lcm cuvette, the results indicated the filter 
fluorimeter's ability to detect increasing fluorescence signals with increasing 
protein concentration while keeping dye concentration constant. However they 
also illustrate the severe time dependence of fluorescence produced with respect 
to the moment that the dye was mixed with protein. This time dependence was 
coupled with a severe lack of reproducibility. This time dependantlnon-
reproducibility is not surprising. 
When the dye is introduced to aqueous media from DMSO, the dye starts to 
agglomerate and is also sorbed onto the glassware - these processes being 
accompanied by fluorescence intensity decrease. When the dye is exposed to 
protein in solution the binding process is accompanied by fluorescence intensity 
increase and wavelength changes (significant due to cut-off filter based emission 
optics). All these process will effect the signal produced by the fluorimeter, so 
each mixing stage involved will be critical to the actual fluorescence signal 
produced. 
Reproducibility of mixing was achieved by employing a flow cell to monitor an 
FIA system Having proven the instrument's ability to monitor Nile red: protein 
fluorescence on-line, and also shown that fluorescence intensity is dependant 
upon protein concentration, an FIA manifold that led to satisfactory mixing of 
the reagents involved was developed. 
After a number of unsuccessful attempts to achieve satisfactory mixing, the 
manifold which proved effective was a reverse FIAt merging zone system 
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whereby a stream of protein in buffer was merged with a stream of Nile red in 
buffer. 
With this system mixing proved sufficiently efficient to show that Nile red 
injected from buffer into a buffer stream, which was then merged with a protein 
stream produced a fluorescence signal which was significantly different to a 
blank value and was proportional to the concentration of protein in the stream. 
In order to eliminate the only remaining off-line mixing procedure from the 
system, a mixing coil was introduced after the Nile red injection valve but before 
the merging zone. 
This allowed direct injection of Nile red from DMSO. This fmal modification 
meant that all of the mixing processes which are critical to the final fluorescence 
signal are carried out on-line, so eliminating the major source of 
irreproducibility. 
The calibration achieved when utilising this system shows a linear relationship 
between fluorescence intensity and protein concentration over a range of 0-
200uM p-Iactoglobulin. 
The standard deviation associated with the calibration could be improved, but the 
principle is proved in that, a fluorescence signal that is proportional to protein 
concentration is produced on-line and can be measured by the instrument 
constructed. 
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5.3.Further Work. 
As is outlined previously, the compromise of constructing a fluorimeter within 
the brief given here has been achieved. 
While the sensitivity can certainly be improved by modification of the 
components employed, this would be at the expense of compromising the other 
benefits gained by this arrangement. 
The modification that could improve sensitivity without significantly departing 
from the brief is the use of more powerful LEDs. Since this work was carried 
out, the range and intensity of the LEDs available has continued to increase, 
culminating in the current availability of superluminescent LEDs (SLEDs). 
While still retaining the low cost and favourable mechanical properties, advances 
in gallium nitrate teclmology have resulted in SLEDs with narrow bandwidths, 
milliwatts of output power and spectral output wavelengths of up to 660nm. 
The utilisation of such a light source would see improved sensitivity in a 
fluorimeter which retained the benefits of the instrument constructed here. 
It is appreciated that the protein assay studied is perhaps a complex, novel system 
with which to prove the efficacy of the instrument constructed. 
The principa~ however for the assay was proven, but further optimisation of the 
system is required in order to claim a viable assay for f3-lactoglobulin in buffer, 
let alone in a more realistic, complex matrices. 
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Further optimisation would mean study of the flow injection manifold (mixing 
systems, flow rates etc.) and the full optimisation of the concentration of dye 
used in the system. 
A recent report (62) suggested the use of Nile red's probe properties to assay for 
pesticides in aqueous media. This implies that using the phenomena exploited 
here has a future in environmental field measurements. 
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